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This dissertation explores two main topics: Transient nonlinear refraction of air in Mid-IR 
spectral range and nonlinear optical properties of organometallic complexes.  
For seeing a vibrational and rotational Raman response the molecule should be Raman 
active. The first requirement for being a Raman active molecule is that the polarizability of 
molecule must be anisotropic. Linear symmetric molecules do have rotational Raman spectra. Not 
all the vibrational mode can be excited by a femtosecond pulse. The pulsewidth of our excitation 
beam should be less than the half of the vibration period. In this dissertation my excitation 
pulsewidth is not short enough to excite these vibrational modes and we ignored this contribution. 
The nonlinearity in both liquids and gases in general originates from both bound-electronic 
and nuclear responses. The bound-electronic response is an almost instantaneous response, 
however the nuclear response, simply because of the weight of nuclei, is a non-instantaneous 
response. For the nuclear response in the gas medium, we can ignore the libration and collision 
responses because of the low collision rates. We will also ignore the vibrational response since the 
bandwidth of the excitation pulse does not overlap with the first vibrational transitions of Oxygen 
and Nitrogen. For this reason the reorientational response is the only nuclear response contribution 
that we consider to the nonlinear refraction. Because of the low collision rates in the gases, the 
reorientational response does not damp quickly as it does in liquids and the molecules continue to 
rotate. Using short laser pulses with a broad bandwidth will excite coherently all the approximately 
rotational Raman lines. As a result, all the molecules that are occupying different rotational levels 
and therefore rotating at different rates will periodically rephase and results in pulsations of index 
of refraction. Since the nonlinearity arises from an instantaneous and non-instantaneous response 
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we need to measure the nonlinearity with a time resolved technique. In addition, the relative 
polarization of pump and probe can greatly affect the observed nonlinear response. For these 
reasons we chose the time-resolved, polarization-sensitive, Beam-Deflection technique to perform 
our experiments. We performed both extremely nondegenerate and nearly degenerate experiments 
using the Near-IR and Mid-IR excitation beams and Mid-IR Probe to investigate the bound-
electronic nonlinear refraction of air. To our knowledge, this is the first measurement of nonlinear 
refraction of air using both pump and probe in the Mid-IR. In addition to that, we explored the 
effect of pulsewidth of the excitation pulse on the nonlinear refraction by defining an effective 
nonlinear refractive index consisting of the effects of both the bound electronic response and 
reorientational response. We further analyzed the effect of changing the pressure and temperature 
on the pulsewidth dependence of effective nonlinear refraction. Finally, calculate the changes of 
effective nonlinear refraction for different layers of atmosphere using an atmospheric model From 
NASA.  
In the second major portion of this dissertation, we studied the nonlinear optical properties 
of organometallic complexes. These complexes were designed to have very high triplet quantum 
yields and fast intersystem crossing rates. Having very high singlet to triplet yields, makes these 
molecules good candidates for many applications. We studied seven different organometallic 
molecules. Three of these complexes were synthesized by our collaborators and the rest are 
commercially available. The majority of these molecules used iridium as the central metal while 
one used Ruthenium. Using the double pump-probe technique,which is a variation of pump-probe 
technique in order to decouple the singlet-triplet quantum yield from triplet cross-section. We 
performed our measurements using different sets of input fluences, using both pico-second and 
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femto-second laser systems. We also developed a six-level electronic model that explains the 
complex nature of the interaction of optical pulses with some of these molecules. Our results show 
less than unity triplet quantum yields for these complexes. Since these molecules are believed to 
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CHAPTER 1: INTRODUCTION 
The field of nonlinear optics is the study of the interaction of intense light with matter. At 
moderate light intensities, dipole moment per unit volume or polarizability scales linearly with 
electric field. However, an intense electric field can change this. Since Franken et al, focused a 
pulsed ruby laser into a quartz crystal and generated the second harmonics of the laser beam in 
1961[1, 2] till now, nonlinear optics has been the source of many inventions and has affected our 
lives tremendously. Nonlinear optics has diversified laser and light sources by adding new 
frequency contents by generating higher harmonics generation  [3-5], optical parametric 
oscillators [6-10], white light continuum generation[11-13] and also can be used in the mode-
locking of the laser pulses [14-17].  In addition to that the interaction of intense light with matter 
changes the optical properties of the material and can result in optical switching and optical 
limiting applications [6, 7, 18-22]. Moreover, nonlinear optics has revolutionized the information 
technology through fiber optics [23, 24]. The applications mentioned are only some of the 
impacts of nonlinear optics on our lives, but in this dissertation our focus will be on the nonlinear 
spectroscopy of different materials. We perform measurements at different wavelengths in 
different media to obtain insight on the physical properties of molecules and their nonlinear 
optical behavior. In this dissertation, we will cover two main topics. First we will discuss the 
nonlinear refraction (NLR) of linear molecules in gas form and we perform measurements on air 
whose main constituents are two linear molecules: N2 and O2. In addition, we will study the 
linear and nonlinear behavior of organometallic molecules dissolved in liquid solvents and 
discuss their nonlinear absorption (NLA) mechanisms.  
2 
 
1.1 Nonlinear Refraction of Linear Molecules 
The NLR of simple linear molecules in gas phase arise from an instantaneous bound-
electronic response and a non-instantaneous nuclear response. We can associate an electronic 
cloud to each molecule. An intense electric field can distort the electronic cloud and change the 
linear index of the molecule. This phenomena happens almost instantaneously [25-27]. The NLR 
in a gas can also originate from the interaction of the light with the nuclei of the molecule. As we 
know, the polarizability of a linear molecule is maximum along the molecular axis. An intense 
electric field polarizes the molecule and induces a dipole. The induced dipole feels a torque from 
the electric field and rotates the molecule so that the largest polarizability axis of the molecules 
becomes parallel to the polarization of the electric field. We should note, that the torque induced 
by the electric field on the molecules is 𝜇1⃗⃗⃗⃗ × ?⃗? , where 𝜇1⃗⃗⃗⃗  is the linear dipole moment (𝛼) induced 
by the incident electric field (𝜇1⃗⃗⃗⃗ = 𝛼?⃗? ). As a result the molecular alignment rotates due to the fast 
oscillating electric field but the torque points always at the same direction.This induces a change 
in the macroscopic index of refraction of an ensemble of molecules. As we said before, there is a 
time lag between the electric field and the NLR response because of the mass of the nuclei, i.e. 
their inertia. The reorientational response in the gas however, does not decay as fast as it does in 
liquids. The reason is the low collision rate between molecules in the gas. The origin of the non-
instantaneous molecular response is the rotational Raman response to the electric field. The electric 
field induces several simultaneous Raman transitions subjected to electric field. Since our 
excitation pulse is a fs pulse with a broad bandwidth, it is capable of exciting all the approximately 
equally spaced rotational Raman lines coherently. As a result all these molecules sitting at different 
rotational levels and rotating at different rates will periodically re-phase and result in the pulsation 
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of refractive index change.  As we will see in the chapter 4 of this dissertation, the reorientational 
response will be suppressed when we increase the number density of the gas molecules by 
increasing the pressure of the gas. As mentioned before the bound electronic response is a 
simultaneous response but the reorientational responses is non-instantaneous and there is a time 
lag between the electric field and the response. As a result in order to separate these two responses 
we will need to use a technique that is time sensitive. We used the beam deflection technique which 
is a two beam technique consisting of a strong excitation beam that induces nonlinearity and a 
weak probe beam that tracks the changes induced by the pump. The bound-electronic response and 
the reorientational response have different symmetries and can be separated by different 
combination of polarization of the pump and probe. As a result we performed all of our 
measurements in parallel, perpendicular and magic angle polarizations of the pump and probe 
beams with respect to each other. Following Ref. [25]we will calculate the changes of refractive 
index due to reorientational response theoretically. As we will show later, the amplitude of the 
rotational response depends on the known values of polarizability (Δ𝛼). We can also obtain a very 
simple relation showing that the changes of refractive index due to bound electronic response 
divided by the change of refractive index due to reorientational response is proportional to bound 
electronic response divided by the square of polarizability [25]. Thus, by evaluating the relative 
magnitudes of bound electronic and molecular rotational contributions at different temporal delays 





We also looked at the effect of change of excitation pulsewidth on the effective nonlinear 
refraction [26]. In addition to that we analyzed the effect of pressure and temperature change on 
the effective nonlinear refraction at different pulsewidth. Finally, we looked at the pulsewidth on 
the effective nonlinear refraction at different layers of atmosphere. 
1.2 Triplet State of a Molecule and Singlet-Triplet Quantum Yield  
  
According to the Pauli principle, any molecular orbital can only host two electrons with 
opposing spins. When an intense laser beam is incident on a molecule, the electrons in the ground 
state will be excited to higher energy orbitals. The electrons in the excited states however are not 
required to have a spin paired to the ones in the ground state. As a result an electron in the singlet 
excited state can go through a spin conversion process and transit to a lower energy state called 
the triplet state. This radiationless transition is called intersystem crossing (ISC). Just like the 
relaxation of electrons from singlet excited state (fluorescence), we can have relaxation of 
electrons from the triplet state to the ground state (phosphorescence). However, the lifetimes of 
phosphorescence is generally much higher compared to the fluorescence lifetimes, since the 
electron has to go through another spin conversion in order to have a paired spin with the ones in 
the ground state. The phosphorescence lifetimes can be even greater than 𝜇𝑠. Adding a heavy 
transition metal to an organic compound can increase the ISC rates and phosphorescence of the 
molecule. The heavy metal induces spin orbit coupling (SOC) and facilitates the spin conversion 
of the electrons [28-30].  
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The properties of triplet states can be very useful for a variety of applications in industry. 
As an example, for the organometallic molecules, that we are going to talk about extensively in 
chapter 5, have very high phosphorescence yields and fast intersystem crossing rates and are 
mostly used in organic light emitting diodes (OLED) [31-33]. They are also used in other 
applications like solar cells [34, 35], in bio sensing [36] and nonlinear optics[37-39] and other 
applications. This shows the importance a comprehensive study of the triplet state of 
organometallic complexes. Measuring the singlet-triplet quantum yield of molecules is not easy 
and cannot be done by conventional nonlinear spectroscopy technique. The reason is that the 
singlet-triplet quantum yield is coupled to the triplet absorption cross-section and the transient 
nonlinear absorption seen as an example in a conventional pump-probe technique is the combined 
effect of these two parameters. For solving this problem, we need to add another pump to the setup 
as suggested by Swatton et al [40].  Using both picosecond and femtosecond laser systems we 
performed double pump-probe (DPP) measurements on seven different organometallic complexes. 
For analyzing the data we developed a six-level electronic model to fit the DPP results for different 
sets of energy. 
1.3 Dissertation Outline 
This is the outline for this dissertation. In CHAPTER 2 we will talk about the nonlinear 
optical interactions. We discuss pecularities of different origins of nonlinear refraction. We will 
look at bound electronic and nuclear response and derive the theoretical formulas for calculating 
these nonlinearities. After that we will discuss the excited state nonlinearities and how it can affect 
the nonlinear absorption in organic molecules. 
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In CHAPTER 3, we will summarize all the experimental linear and nonlinear methods that 
are used in this dissertation such as single and double pump-probe experiment, Z-Scan, Beam 
deflection technique. We will also talk extensively about the two laser sources that we used to take 
the data in this dissertation.  
In CHAPTER 4, we will talk about the transient Mid-IR measurements of nonlinear 
refraction in air. At first, we will look at the theory behind the different origins of nonlinearities in 
gas form and derive the theoretical formulas for our calculations for reorientation response. After 
that I will discuss the experimental setup at different wavelengths of pump and probe. We will also 
look at the effective nonlinear refraction in air for different pulsewidth, pressures and temperature.  
IN CHAPTER 5, we will go through a comprehensive study of organometallic complexes. 
At first we will look at the linear properties of these complexes like linear absorption and excitation 
spectra, photoluminescence decay and anisotropy. After that we will look at the 2PA spectra and 
single pump-probe measurements for these molecules. After that we will discuss the double pump-
probe result and represent a six level fitting model that can explain the linear and nonlinear 
behavior of these molecules. 





CHAPTER 2: NONLINEAR OPTICAL INTERACTIONS 
In this chapter, we will discuss the theoretical foundations of the field-induced bound-
electronic and nuclear changes in refraction. We will also look at the theories of the excited state  
absorptions.  These concepts will be used in following chapters. 
In a nonmagnetic and source free medium, using the Maxwell’s equation we have [6, 7, 
23] 






    
 (2-1) 
Where ?̃?(𝑡)and ?̃?(𝑡) are the time varying polarization and electric field vectors, 𝜀0 and 𝜇0 are the 
permittivity and permeability of free space respectively. Since our medium is source free, we can 




− ∇(∇. ?̃?(𝑡)) = 𝜇0
𝜕2?̃?(𝑡)
𝜕𝑡2
    
(2-2) 
Since our medium is source free, using the Gauss’s law we have ∇. ?̃?(𝑡) = −1/𝜀0 ∇(∇. ?̃?(𝑡)), 
however considering this point that the variation of material polarization is much smaller than the 









In general the induced polarization (?̃?(𝑡)) of a material system depends linearly on the strength of 
the electric field ?̃?(𝑡) = 𝜀0𝜒
(1)?̃?(𝑡). The constant 𝜒(1) is the linear susceptibility. This only works 
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with moderate intensities of the electric field. In high intensities we need to use power series 
expansion of polarization.  




















  𝜒(1), 𝜒(2) and 𝜒(3) are first (linear), second and third order susceptibilities respectively [6, 7]. 
Each of these terms represents the response of material to electric field for higher orders. The first 
term is linearly dependent on electric field, the second one on the square of the electric field. As 
shown by Equation (2-3) the change in polarization acts as a source to change the electric field 
itself.  By applying the Fourier transfer to the above equation we will find the frequency domain 
susceptibility. 
𝑃𝑖(𝜔) = 𝜀0𝜒𝑖,𝑗
(1)(𝜔)𝐸𝑗(𝜔) + 𝜀0 ∬𝜒𝑖,𝑗




(3)(𝜔;𝜔𝑎, 𝜔𝑏, 𝜔𝑐)𝐸𝑗(𝜔𝑎)𝐸𝑗(𝜔𝑏)𝐸𝑗(𝜔𝑐)𝛿(𝜔 − 𝜔𝑎 − 𝜔𝑏
∞
−∞
− 𝜔𝑐)𝑑𝜔𝑎𝑑𝜔𝑏𝑑𝜔𝑐 + ⋯ 
(2-5) 
In the above equation the frequency argument of 𝜒(𝑖) is the sum of the ones after semicolon. This 
is also indicated by the Dirac delta function in the integral. As we can see polarization is a function 
of the susceptibility tensors 𝜒(𝑖) which are related to the material properties like refraction and 
absorption. As a result what we are really seeing in Equation (2-3) is how the electric field is 
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changing the material properties. As a result this relation can give us the nonlinear absorption and 
refraction which is what we are looking for. Since we are looking for the NLR and NLA, let us 












 Considering that 𝑃 = 𝜀0𝜒
(1)?̃?(𝑡) = 𝜀0(1 + 𝜒
(1)′ + 𝑖𝜒(1)
′′
)?̃?(𝑡) − 𝜀0?̃?(𝑡) and 𝑛














By considering plane wave solution for both electric field and polarization:𝐸 =
1
2




𝑖(𝑘𝑁𝐿𝑧−𝜔𝑡) + 𝑐. 𝑐. The second derivative of field with 

























+ 𝑐. 𝑐 
(2-9) 
By neglecting the second derivatives of the field in (2-8) and (2-9) and assuming a slow varying 



















Note the difference between 𝑘 and 𝑘𝑁𝐿, being the propagation vector for ℰ and 𝒫𝑁𝐿respectively. 

















We can also neglect (𝜕𝒫𝑁𝐿)/𝜕𝑡 for the slow variations of polarization, and the term 𝜒
(1)′′𝜕ℰ/𝜕𝑡 
since the product of two small values would be ignorable. We can also change the coordinate 












𝑐 is the speed of light (𝑐 =
1
√𝜇0𝜀0





). Using Equation 
(2-5) we can write polarization in terms of electric field and by inserting it in Equation (2-12) we 
will have an equation of electric fields and susceptibility. For example for second harmonic 











we will have two coupled equation that by solving them we can find the 
second harmonic generation of the field.  
2.1 Bound-Electronic Nonlinearities 
Now let us focus on the third order nonlinearities. In this work we are interested in third 
order nonlinearities. In third order nonlinearities we can see phenomena like third harmonic 
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generations and four-wave mixing [6, 7, 23, 41]. Third order nonlinearity can also result in the 
same frequency of the field. In this case phase matching (𝑘𝑁𝐿 − 𝑘 = 0) will be automatically 
conserved. As we said before the changes in the polarization changes the incident electric field. 
This change can be in terms of amplitude and phase. The change of absorption by third order 
nonlinearity is NLA and the change of the phase of the field is NLR or Kerr effect. Kerr response 
is almost instantaneous due to its electronic nature. Using equation (2-5) we can find the third 
order polarization that is responsible for the changes at the same frequency of the incident field. 












(3) (𝜔𝑎; −𝜔𝑏, 𝜔𝑏, 𝜔𝑎)ℰ𝑖
∗(𝜔𝑏)ℰ𝑖(𝜔𝑏)ℰ𝑖(𝜔𝑎) 
(2-13) 
In the above equation the factor 3 is for the permutation symmetry and the factor of 2 difference 
between the first term and the second term is because of the interference of the two beams doubling 
the phase change[42, 43]. We are also assuming both beams have the same polarization. Here, in 
the two beam experiment we usually choose one beam to have a high intensity which we call it 
excitation or pump beam and the other beam to be weak and we call it probe. Pump and probe can 
have same frequency (degenerate case) or have different frequency (nondegenerate case). Pump 
and probe can also have different polarization with respect to each other that can affect NLA and 




 By inserting Equation (2-13) in Equation (2-12) and writing electric field in terms of irradiance 




𝑖Δ𝜙𝑖(𝜔𝑎,𝑧) with 𝐼𝑖(𝜔𝑎, 𝑧) and Δ𝜙𝑖(𝜔𝑎, 𝑧) are the irradiance and phase 
change at polarization 𝑖 (𝑖 can be 𝑥 or 𝑦 polarization) we can calculate the change in irradiance 




= −𝛼𝐼𝑖(𝜔𝑎) − 𝛼2(𝜔𝑎; 𝜔𝑎)𝐼𝑖





= −𝑘0,𝑎𝑛2(𝜔𝑎; 𝜔𝑎)𝐼𝑖(𝜔𝑎) + 2𝑘0,𝑎𝑛2(𝜔𝑎; 𝜔𝑏)𝐼𝑖(𝜔𝑏) 
  
(2-15) 
Where 𝑘0,𝑎 is the wavenumber at 𝜔𝑎 and 𝛼 is linear absorption. 𝛼2and 𝑛2 represent the NLR and 
NLA and are related to the real and imaginary part of the third order susceptibility. The equations 
below shows the most general case of having beams with different wavelength and polarizations 















2.2 Non-instantaneous Nonlinearities 
Other than the Kerr nonlinearities which have an electronic nature we can have other kind 
of nonlinearities that arise from nuclear response of the molecules to the intense electric field. 
These responses from the nuclei can be due to rotation or vibration of the molecule induced 
by the field. For example, as we will see later in this thesis non-resonant Raman type nonlinearities 
can produce third order rotational nonlinearities. According to Equation (2-4) the third order 
susceptibility is: 𝑃𝑖
(3)
= 𝜀0 ∭ 𝜒𝑖,𝑗𝑘𝑙







the wavelengths below electronic resonances, that this expression can be simplified [44, 45]. 
𝑃(3) = 𝜀0 ∭𝜒𝑖,𝑗𝑘𝑙






Ej(𝑡) gets out of integrand since it is not a function of 𝑡′. Now under integrand we have the product 
of two field and the only way for the integral to be non-zero is that the two fields in the integrand 
are complex conjugates of each other. This is the reason that the answer to the field is not fast. 
Again writing the field and polarization as 𝐸 =
1
2














Things get interesting when we have two beams. In the two-beam case the electric field of the two 
beams will interfere and we will have a grating like pattern. Now if the frequency of the two beams 
are the same this grating will not move but if the frequencies of the two beams are different this 
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grating resulted from the interference of the two beams will start to move. The third order 
polarization term will have an integrand consisting of terms like  |ℰ𝑎|
2, |ℰ𝑏|
2 and cross terms like 
ℰ𝑎ℰ𝑏
∗𝑒𝑖((𝑘𝑎−𝑘𝑏)𝑧−(𝜔𝑎−𝜔𝑏)𝑡) and ℰ𝑏ℰ𝑎
∗𝑒−𝑖((𝑘𝑎−𝑘𝑏)𝑧−(𝜔𝑎−𝜔𝑏)𝑡). Now if the difference between the 
frequencies of the two beams is very large, then these terms will average to zero and we are left 
with |ℰ𝑎|
2 and |ℰ𝑏|












It is interesting the polarization for two beam experiment is not twice the single beam as we had 
before. The reason is the slow nature of the nuclear response which is not able to follow the fast 
variations of the interference beams. Using Equation (2-12) and converting the field to irradiance 
as we did before we can write the expression for the change of irradiance and induced phase as the 
beam propagates is 𝑧 direction. There is a difference here with the bound-electronic case. The 
nuclear third order susceptibility is real because the induced polarization is real (Equation (2-19) 
). As a result, when the beam is propagating along z there would be no absorption and only 













It is very common to write the above expression in terms of a response function 𝑅(𝑡). 
𝜕∆𝜙𝑎
𝜕𝑧









and 𝑅(𝑡) = 2𝜒𝑖,𝑗𝑘𝑙
(3) (𝑡)/4𝑛𝑎𝑛𝑏𝜀0𝑐. 
Now if we want to calculate the nonlinear refraction it would be 𝑛2 = 𝑛2,𝑒𝑙 + 𝑛𝑁𝑢𝑐𝑙𝑒𝑎𝑟. We 
can also define an effective nonlinear index  
𝑛2, 𝑒𝑓𝑓 =  𝑛2,𝑒𝑙 +












We will use this expression later to find the effective index of air as a function of the 
pulsewidth. 
2.3 Excited-State Absorption (ESA) 
A major portion of this thesis is about measuring the excited state nonlinearities for 
organometallic complexes. When a laser light is incident on a material it can change the index and 
absorption by changing the population of the different states. In the scope of this thesis we are 
looking at the excited state absorption. For finding out ESA we need to look at the transmittance 
of the beam through the sample when it is excited by the pump beam. For that let us start with a 
simple three level system. We will later look at more complicated systems with 5 and 6 levels. In 
the Figure 2-1 we are showing a three-level system with 𝑁𝑔, 𝑁1 and 𝑁2being the ground state and 
excited states population respectively. 𝜎01 and 𝜎12are the absorption cross-sections of the ground 




Figure 2-1: Three level electronic systems 
 
We can write the rate equations for this system. 
𝑑𝐼(𝑡)
𝛿𝑧


























We can further simplify the above equations by considering that 𝜏21is vey short and 
practically within the pulsewidth of the laser the population in 𝑁2 relaxes to the first excited state. 
As a result, we can ignore  𝑁2. For further simplification we can also assume that the relaxation 
times are also smaller than the pulsewidth and we can ignore them for now.  
The rate equations as a result would be: 
𝑑𝐼(𝑡)
𝑑𝑧

















We can also consider the population that was excited to the excited state is much smaller 
than the ground state population. This assumption means that the population in the ground state is 
~ constant. Now by calculating the populations in the ground and excited state we can find the 
change of irradiance as it propagates in the sample. The change in the 𝑁1 =
𝜎01𝑁𝑔(0)
ℏ𝜔
𝐹(𝑡) . Here 
we define 𝐹(𝑡) = ∫ 𝐼(𝑡)𝑑𝑡
𝑡
0
 as the fluence of the field. The change in irradiance would be: 
𝑑𝐼(𝑡)
𝑑𝑧






Now by integrating over time we will have: 
𝑑𝐹
𝑑𝑧






This equation is very important from two points of view. First, it shows that ESA is independent 
of pulsewidth. Another important point is that Equation (2-27) just looks the equation for 2PA 
(Equation (2-14)) if we replace fluence with irradiance. We call it a 𝜒(1): 𝜒(1)process. It is very 




CHAPTER 3: EXPERIMENTAL TECHNIQUES 
In this chapter we will go through the experimental techniques that was used and 
mentioned in this dissertation. At first we will review the linear characterization techniques like 
measurement of linear absorption, emission spectra, fluorescence quantum yield and 
fluorescence anisotropy measurements. Then we will talk about the light sources that we used 
and we will briefly review how they work. At the end we will talk about the nonlinear 
spectroscopic techniques such as Z-scan, pump-probe, double pump-probe and beam deflection 
technique. 
3.1 Linear Spectroscopy 
Linear spectroscopy is an important part of characterizing a material and we always look 
at the linear properties of the material prior to performing any nonlinear measurement. In this 
section I am going to give a brief explanation of the linear spectroscopic techniques  
3.1.1 Linear Absorption Spectra 
The one-photon absorption (1PA) spectra can give us a lot of useful information about the 
material properties. We use the Carry 500 spectrophotometer to look at the absorption spectra of 
different materials. In the cases that we have a solution and we want to eliminate the effect of the 
solvent and get the pure absorption spectra of the solute and also when we have a film and we want 
to eliminate the effect of the substrate we need to do sets of separate measurements for solution 
and solvent and for the film and substrate and then subtract the effect solvent and the substrate 
from the total absorption spectra. However, using Carry 500 we do not have to do this. We have 
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two separate arms, one for the sample and one for the reference. The Carry 500 subtracts the effect 
of the reference arm from that of the solution and as a result we will only see the absorption spectra 
for the solute or film alone. Figure 3-1 shows inside the measurement chamber of carry 500.  
 
Figure 3-1: Inside the Carry 500 measurement chamber. The left line (A) is for the solvent 
or substrate and the right line (B) is for the actual sample. 
Other than looking at the absorption spectra of the sample we use Carry 500 for two other main 
purposes. We use it for measuring the concentration of a sample. We can measure the absorbance 
using Carry 500. The concentration can then be calculated. 
𝑐 = −𝑂𝐷/𝜀𝐿 
(3-1) 
In the equation (3-1), c is the concertation and OD is the optical density or absorbance of the 
sample, 𝜀 is the extinction coefficient and L is the sample length (cuvette thickness). 
We usually receive the extinction coefficient spectra from our collaborators. By measuring the OD 
by Carry 500 and scaling it, we can also find the extinction coefficient. Before any measurement 
make sure that the measured OD matches the extinction coefficient that came with the sample. 
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Another important point is checking the linear spectra of the sample after we are done with the 
nonlinear spectroscopy measurements with the linear spectra of the sample before the nonlinear 
measurements. This is very important and shows us if we have damaged the molecules. In addition 
to that aggregation is a possible effect in concentrated samples and we can study this effect through 
the linear measurement. The absorption spectra should be taken at a concentration below the 
aggregation threshold. 
The ground state absorption cross section (look at Figure 2-1) can also be calculated 




= 3.82 × 10−21𝜀 
(3-2) 
In the above equation 𝑁𝐴 is the Avogadro’s number.  
In the APPENDIX H, I have included a manual for using the Carry 500 which I made in my first 
year of PhD. 
3.1.2 Emission Spectra (1PF), Excitation Spectra 
Fluorescence emission spectra shows the change in the fluorescence intensity as a function 
of wavelength of emission of light and is measured using a spectrofluorometer. Here in our group 
we used the PTI fluorometer. The wavelength of excitation monochromator is set to wavelength 
of known absorption and then the wavelength of the emission monochromator is scanned across 
the desired emission range and then the intensity of the fluorescence is recorded as a function of 
emission wavelength  
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The Fluorescence excitation spectra however shows the changes in the fluorescence 
intensity as a function of excitation wavelength. For that we choose an observation wavelength 
and then excitation wavelength is scanned in the desired range.  
3.1.3 Kasha’s Rule 
If we see the same emission spectra irrespective of the excitation wavelength we can say 
that the sample obeys Kasha’s rule [46].A very important fluorescence property is to see if the 
sample obeys the Kasha’s rule. For most of the samples the amount of fluorescence should be 
independent of the excitation wavelength since upon excitation to higher electronic and vibrational 
levels, the excess energy will be dissipated quickly, and the fluorophore will end up at the lowest 
vibrational state. But this has some exceptions. For example as we will see in the organometallic 
complexes that we measured, if the molecule have two or more potential minima then each of these 
states can have their own emission and absorption spectra.  
3.1.4 Fluorescence Quantum Yield  
Fluorescence quantum yield Φ𝐹 is defined as the ratio between the number of the photons 
emitted and the number of photons absorbed. For measuring the Φ𝐹, we usually use a reference 
molecule that its Fluorescence Quantum yield is known. The Important point at picking the 
reference dye is that its emission band maxima is close to the sample we are measuring. Here is 
the references that we use for different ranges of measurement [47-50].  
Table 3-1: List of reference molecules for fluorescence absorption and Fluorescence peaks 
and quantum yield measurements from Ref [47-50] 
 Solvent 𝜆𝑎𝑏𝑠(𝑛𝑚) 𝜆𝐹𝐿(𝑛𝑚) Φ𝐹 
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Anthracene ETH 357 398 0.27 
Quinine Sulfate Sulfuric Acid 347 454 0.58 
Rhodamine 6G ETH 530 553 0.95 
Cresyl Violet MEOH 593 618 0.54 
PD 2631 ETH 783 805 0.11 
The Fluorescence quantum yield can be calculated using the following formula. 
Φ𝐹,𝑠𝑎𝑚𝑝𝑙𝑒 =
Φ𝐹,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒















In The Equation (3-3), < 𝐹 >𝑠𝑎𝑚𝑝𝑙𝑒is the integrated fluorescence signal, n is the refractive 




 is the excitation wavelength of sample and reference, 
and Ψ is the photon flux. 
3.1.5 Fluorescence Anisotropy 
Anisotropy measurements are based on the photoselective excitation of fluorophores by 
polarized light. This means that the light emitted by the fluorophores does not have same irradiance 
along different axis of polarization. Fluorophores tend to absorb photons that are aligned parallel 
to the transition dipole moment of the fluorophore. Transition dipole moment of a fluorophore 
describes in which direction the electric charge within a molecule of fluorophore shifts during the 
excitation through absorption of a photon or during emission of a photon. The transition moment 
has a defined orientation with respect to molecule axis. During the excitation with a polarized light, 
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the fluorophore molecules with absorption transition dipole parallel to the electric field of 
excitation will be absorbed. This will results in a partially oriented population of fluorophores and 
partially polarized fluorescence emission. The relative angle between the fluorophore absorption 
and emission moments is determined by Fluorescence anisotropy measurements and is defined by:  
𝑟(𝜆) =
𝐼𝑉𝑉(𝜆) − 𝐺(𝜆) 𝐼𝑉𝐻(𝜆)
𝐼𝑉𝑉(𝜆) + 2𝐺(𝜆) 𝐼𝑉𝐻(𝜆)
 
(3-4) 
 We first polarize the excitation light in the horizontal direction and measure the fluorescence light 
in horizontal and vertical polarization (𝐼𝐻𝐻 , 𝐼𝐻𝑉). We define the G parameter as: 𝐺 = 𝐼𝐻𝑉/𝐼𝐻𝐻 for 
calibrating the transmission efficiency of in horizontal and vertical directions. After that we 
polarize the light in vertical direction and again measure the fluorescence in vertical and horizontal 
directions ( 𝐼𝑉𝑉 , 𝐼𝑉𝐻).  
One important consideration is that the fluorescence lifetime should be much less than the 
reorientation time of molecules in order to be sure it will not induce any further de-polarization 
of the fluorescence signal. This is the reason that we use a viscous solvent such a glycerol to 
perform this measurement. The process to do this measurement is very much like an excitation 
scan where we fix the detection at the peak of the emission spectra and change the input 
excitation wavelength and measure the intensity of the fluorescence. 
3.2 Nonlinear Spectroscopy 
After completely characterizing the material using the linear measurement techniques 
above, we will perform the nonlinear spectroscopic measurements. For this we will use a variety 
of lasers with different pulsewidths and excitation and probe wavelengths to characterize the 
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materials in the nonlinear regime. We can categorize the nonlinear optical measurements to single 
beam and excite-probe techniques. In the single beam experiments like Z-scan measurements we 
will look at an effective nonlinearity of the sample. It is not easy to find the original source of 
nonlinearity. However, the simplicity of measurement and implementation makes it a favorable 
model for a lot of applications. In the excite-probe technique using a motorized delay stage, we 
can delay one beam with respect to the other and as a result look at the temporal dynamics of the 
nonlinearities. This will help us to distinguish different kinds of nonlinearities. Before talking 
about the measurement techniques I will talk about the light sources used to our measurement.    
3.2.1 Picosecond EKSPLA Laser System 
EKSPLA PL-2143 is a Nd:Yag laser with 1064nm output and a repetition rate of 10 Hz. 
Figure 3-2 shows the schematic diagram of picosecond laser system. We have the PL 2143 laser 
system that produce the 1064 nm. The beam at the output will be collimated and spectrally filtered 
using a telescope system. However, since the output 1064nm is very intense when it is focused 
after the first lens we should have a vacuumed system for preventing the ionization happen. 
 
 
Figure 3-2 : The schematic diagram of picosecond EKSPLA laser system 




Figure 3-3: Picosecond PL2143 layout 
The layout of the PL2143 is shown in the above picture. We have a master oscillator with 
M1 and M5 being the end mirrors. A flash lamps a Nd:YAG rod. We have both active and passive 
mode-locking here. The passive modelocking is done by a saturable absorber dye and the active 
mode-locking is achieved by using a Pockels cell. The pulse is circulated in the cavity for around 
200 times and by applying dynamic and fixed losses the pulse energy is controlled so that it does 
not deplete the rod. After a stable pulse is made in the master oscillator, the Pockels cell (PC2) 
together with the polarizing beam splitter P1 redirects the pulse in the regenerative amplifier with 
M2 and M5 end mirrors). The goal of the regenerative amplifier is to amplify the energy of the 
pulse from 10𝜇𝐽 to 500 𝜇𝐽. After that PC3 and P5 dump the pulse in the amplifier. Just before that 
a spatial filter to get a clean Gaussian beam. Then the pulse is the pumped rod (R2) three times. 
Here the energy of the pulse is ~100 mJ. Now part of this beam goes through the harmonic unit 
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and make 532nm and 355nm wavelengths. The 1064nm and 532 nm are after that input to an OPG 
and DFG units and can produce a wavelength range up to 18𝜇𝑚. IN our experiments we used the 
532nm output of the harmonics box.  
3.2.2 The Femtosecond Coherent Legend Elite Duo HE+ Laser System 
Coherent Legend Elite Duo HE+ Laser System has a ~12mJ output energy at 800nm with 
1kHz, with a ~40fs pulsewidth. This laser uses the famous chirped-pulse amplification (CPA) to 
generate high power fs laser pulses. In the beginning the pulse is chirped and then by going through 
a regenerative amplifier and a single pass amplifier (SPA) get amplified and at the end gets 
compressed in the pulse compressor unit. The laser is seeded by a Coherent Vitara mode-locked 
Ti:sapphire laser system. The Vitara system is passively Kerr mode-locked laser operating at 
800nm with a repetition rate of 80 MHz. The way that beam circulates between different units of 
the laser is shown below. 
 
Figure 3-4: the units inside the laser and the pulse circulation inside it 
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The pulse circulation inside the compressor is as follows. This is important specially for 
checking the BW error. There are two aperture that are shown with green arrow in Figure 3-5 we 
use these apertures to check the height of the beam. After the compressor unit the beam goes to 
the regenerative amplifier that is a Z-shape cavity. 
 
Figure 3-5: the beam path inside the laser compressor unit 
The green pump creates the population inversion. The seed after passing through the 
stretcher unit spreads to ~1ns pulse and is vertically polarized (V). The vertically polarized seed is 
incident on the Brewster window of RTS1. The Brewster window reflects the V polarized beam. 
The beam hits RM2 then RM1. The beam incident and reflected from RM1 passes the PC1 Pockels 
cell which changes the polarization quarter wave when is on. As a result after the second time of 
passing through PC1 the seed polarization has changed from V to horizontal (H). Now it can pass 
through the Brewster window of RST1 where the Ti:sapphire laser crystal is located. The beam 
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hits RM3 and RM4 afterwards. At the right timing when the pulse build up is maximized, Pockels 
cell 2 (PC2) turns on. PC2 also changes the beam quarter wave. As a result after two times of 
passing through the PC2 the polarization will be V again. On the way back from the PC2, the beam 
hits the other Brewster window and will be reflected and dumped in the SPA. After SPA the beam 
goes to the compressor unit and goes out of the laser.  
3.3 Optical Parametric Amplifier (OPA) 
The laser is a monochromatic beam, but for the nonlinear spectroscopy we need a broad 
range of wavelengths. One way is to create white light continuum (WLC) through a gas chamber 
or through a water cell and etc. However we need a high power broad and stable beam for our 
experiments in different ranges. Here we can use OPAs. OPAs use the 𝜒(2)nonlinearity. In this 
dissertation we used two OPAs, TOPAS HE and TOPAS Prime. The both OPAs include a white 
light seeding that is made in a sapphire plate. After the sapphire plate a ZnSe plate is used to chirp 
the white-light and temporally separate different wavelengths. Then the non-collinear optical 
parametric amplification interaction of chirped white light and the 800nm pump in the nonlinear 
crystal (BBO) results in these output beams: amplified signal and idler and sum frequency 
generation (SFG) of signal and pump, SFG of idler and pump and finally depleted pump. The 
wavelength is chosen by the nonlinear crystal angle and the delay stage of the preamp. In TOPAS 
HE we filter out everything except the amplified signal and it will go through a collinear parametric 
amplification with the powerful 800nm beam through the second nonlinear crystal (BBO). At the 
output we will filter out everything except the amplified signal and idler. In TOPAS Prime we only 
have one amplification stage and one nonlinear crystal in which the pump and white-light seed 
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interact collinearly. After that every beam other than the amplified signal and idler are filtered out. 
Figure below shows the simplified general layout of the HE TOPAS. 
 
Figure 3-6: The simplified layout of TOPAS HE. The 5mm Sapphire plate is used to 
generate the white-light seed. TOPAS HE has an extra amplification stage to generate signal and 
idler with higher energies than TOPAS Prime. In TOPAS prime we have one nonlinear crystal and 
the pump and white-light are interact collinearly and generate signal and idler.  
  
The signal and idler output of the HE and Prime are collinear. They can be input to a difference 
frequency crystal to generate longer wavelengths than 2.68𝜇𝑚. We used the AgGaS2 crystal to 
generate the 3.3 𝜇𝑚 as the probe beam in the Air project. This done with a mixer stage that comes 
with the TOPAS prime. We also used the signal and idler from HE and a commercialized non-
collinear difference frequency generator (NDFG) from light conversion to generate the 3.5 𝜇𝑚 for 




Z-scan technique was invented here in CREOL by Sheik-Bahae et al in 1989 [51, 52] is a 
single beam technique to measure the nonlinear refraction and nonlinear absorption of a material. 
Its extreme popularity is due to its simplicity and simple implementation comparing to other 
nonlinear spectroscopy techniques. We have closed and open aperture Z-scan. Figure 3-7and 
Figure 3-8 are showing the schematic of Z-scan technique for the sample before, at and after focus 
for closed (Figure 3-7) and open aperture (Figure 3-8) Z-scan. In these figures we assume the 
material has 𝑛2 > 0. A thin sample is translated along z using a motorized stage through the focus 
of a Gaussian beam. We have an aperture in the farfield where the beam is diverged. We usually 
close the aperture in a way that only 33% of the input energy goes into the detector (without the 
sample). When the sample translates along z as it gets closer to focus point the irradiance increases 
and it experiences self-focusing. Here the sample behaves like a positive lens. This makes the 
beam to diverge more at the detector position as you can see in Figure 3-7-a. As a result less energy 





Figure 3-7: top:close aperture Z-scan for three different scenarios, Bottom: transmittance 
versus z is shown for the three cases   
 
Figure 3-8: closed aperture Z-scan for three different scenarios, Bottom: transmittance 
versus z is shown for the three cases  
However if the sample located after the focus it collimates the beam and as a result more 
energy goes in to the detector. For a material with 𝑛2 < 0 the signal will be flipped. Now if we 
fully open the aperture and look at the transmittance of beam, where we have more irradiance we 
will see more nonlinear absorption. At the focus point where we have the maximum irradiance we 
will see the most absorption and the least transmittance. 
3.5  Pump-Probe Technique 
Pump-Probe is a two beam spectroscopic technique that is used to measure the NLA. As 
we mentioned before the problem with Z-scan is that it does not show the temporal changes of 
NLA and as result it is hard to distinguish the origin of the nonlinearity. For example 2PA being a 
𝜒(3) nonlinearity only exist during the interaction of pump and probe. But if we have a nonlinearity 
originated from ESA or free-carrier absorption (FCA), then the response time is longer and stays 
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after the pump. Only using a time-resolved technique can help us understand where the 
nonlinearity is originated from. Below we are showing a simple schematic of pump-probe 
technique.  
 
Figure 3-9: the schematic of a pump-probe experiment 
The pump beam which is the intense beam, induces nonlinearity on the sample and this changes 
the absorption of the probe beam which is constantly being detected on a detector.  
In the absence of the pump beam the only absorption we see is the linear absorption of the probe 
by the sample. When the pump beam is present in the setup it induces nonlinear absorption. As an 
example let us assume the only nonlinear absorption we see is the ESA. Depending on the 
absorption cross-section of the excited state we will see a decrease or an increase in the 
transmittance of the probe through the sample. For example if the 𝜎21 > 𝜎01 we will see in increase 
in the absorption of the probe and as a result a decrease in the transmittance of the probe beam is 
seen (see Figure 2-1). This material is referred to reverse saturable absorber (RSA). However, if 
𝜎21 < 𝜎01  we will see an increase in the transmittance of the probe. We call these materials 
saturable absorbers (SA). 
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3.6 Double Pump-Probe Technique 
Let us consider a sample with both singlet and triplet states. We can describe this sample with five 
level electronic model which is shown below. 
 
Figure 3-10: five level electronic model with singlet and triplet states 
Now when the pump is incident on the sample some of the population in the ground state 
will be excited to the singlet excited state S1. Now as we said before we have 𝜎21 > 𝜎01 we will 
see a deep in the transmittance otherwise we will see a rise in the transmittance. Through the 
intersystem crossing (ISC) the triplet state will be populated. The population in the triplet state 
will be affected by two parameters. First, how much of the population in the singlet state goes to 
the triplet state, and second how strongly the triplet state absorbs. In other words having more ISC 
or large triplet state absorption cross section (𝜎𝑇1−𝑁) will result in a bigger population of the triplet 
state. This means the absorption we see in a conventional pump-probe experiment is a combined 
effect of these two parameters and we cannot decouple the. With single pump we can only fit for 
a combination of these two parameter 𝜅 = 𝜙𝑇(𝜎𝑇1−𝑁 − 𝜎𝑆0−1).  
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Swatton et al proposed a way to decouple the ISC and the triplet cross-section, the 
technique is called double pump-probe (DPP) [40]. If we add a second pump to the single pump-
probe setup with a delay with the first pump we can solve the problem. As we said, after the first 
pump is incident on the sample, some of the population will be excited to 𝑆1, some of this 
population will relax back to the ground state through fluorescence and some other portion of the 
population will be transmitted to the triplet state through ISC. Now if another pump is added to 
the setup, the second pump sees a totally new system with a different population distribution. As 
a result, at the end we will have information of a single system with two different population 
distribution. This gives us enough information to decouple the triplet cross-section from ISC. 
Below we are showing an example of the population dynamics of a five level electronic system 
































Figure 3-11: An example of population dynamics of a five-level electronic system 
In [53] the DPP technique was optimized for a five level model for a better decoupling of the triplet 
cross-section. The optimization shows in higher Fluences and smaller concentrations we will have 
a better decoupling.  
3.7 Beam Deflection 
Beam Deflection (BD) technique was developed in our group in response to the need for a 
simple, sensitive and time resolved technique for measuring the nonlinear refraction [54]. The 




Figure 3-12: Beam-deflection experimental setup for measuring the deflection of the probe 
(red) due to excitation (blue) with probe displaced from the center of the excitation. At the output 
of the detector we get the subtraction of the voltage on top and bottom pairs of segments of the 
quad cell detector, proportional to E, together with the sum of the four segments, proportional to 
the total transmitted energy, E. 
  
BD is a two beam technique and is very similar to the conventional pump-probe technique. One 
of the differences of these two technique is the detector. In BD we use a quad-cell detector. At the 
output of the detector, we can get the sum of the voltages on the four cells together with the 
difference of voltage on the top and bottom sections and right and left sections. An intense spatial 
Gaussian beam profile will induce a change in the refractive index that follows its irradiance (Δ𝑛 ∝
𝐼). There is a small part towards the wings of the Gaussian beam that the change of irradiance is 
almost linear. We can think of that linear section as a linear index gradient. This reminds us of the 
linear index gradient of a thin prism. Now if the weak probe beam is incident on this linear index 
gradient induced by the pump, it will be deflected by a very small angle. If we have centered the 
beam on the quad-cell detector (by simultaneously zeroing the voltages of the (top-bottom) and 
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(left-right) outputs), the deflection of the probe by the pump will be sensed by the change in the 
differences of the voltages on the top and bottom (or left and right) sections. We normalize the 
difference of the voltage to the total voltage falling on all the four cells of the detector and we can 









𝑘0,𝑝 𝐿 < ∆𝑛(𝜏𝑑) > 
(3-5) 
Where 𝑤𝑝 and 𝑤𝑒 are the spot-sizes of the probe and pump respectively. 𝐿 is the sample length 
and 𝑘0,𝑝is the propagation vector of the probe and < ∆𝑛(𝜏𝑑) > is the change in refractive index 
averaged over the probe pulse duration and is defines as: 
< ∆𝑛(𝜏𝑑) >= ∫ ∆𝑛(𝑡)𝐼𝑝(𝑡 −
∞
−∞





Based on the type of the nonlinearity we should choose the right expression for ∆𝑛 . For example 
if we have a bound-electronic nonlinearity we know ∆𝑛(𝑡) = 2𝑛2(𝜔𝑎, 𝜔𝑏)𝐼𝑏(𝑡). 












By substituting the < ∆𝑛(𝜏𝑑) > from (3-7) in (3-5) we can find the expression for 𝑛2(𝜔𝑎, 𝜔𝑏).  
There are two other very important advantages of this technique. Firstly, it is a polarization 
sensitive technique and as we will see in liquid and gases mediums especially it is very important 
to use different combinations of pump and probe polarizations in order to separate different origins 
of nonlinearity with different symmetry.    
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BD is a very sensitive method, and as you will see we used this technique to measure the 𝑛2,𝑒𝑙 of 
ambient air using this method. For measuring the minimum phase change and minimum optical 
path-length we usually calculate the phase change for SNR=1. Below is an example for quartz 
with L=1mm and pump and probe wavelengths of 780nm and 650nm. The spot sizes of pump and 
probe are 170𝜇𝑚 and 35𝜇𝑚. The phase change is 𝑘0,𝑝 𝐿 < ∆𝑛(𝜏𝑑) >. Looking at Figure 3-13 for 
having a unity SNR we should have ∆𝑛 equal to the standard deviation of the region shown (7.13e-
9). As a result the minimum phase change possible would be ∆𝜙 = 𝑘0∆𝑛𝐿 = 2.9 × 10
−4 𝑟𝑎𝑑. 







Figure 3-13: ∆𝑛 for quartz with L=1mm and pump and probe wavelengths of 780nm and 
650nm. The spot sizes of pump and probe are 170𝜇𝑚 and 35𝜇𝑚. 




Figure 3-14: calculating the minimum phase change and path-length for Mid-IR air 
measurements: pump and probe wavelengths of 800nm and 2400nm. The spot sizes of pump and 
probe are 240 𝜇𝑚 and 78𝜇𝑚. 








 , here for having SNR=1, 
∆𝐸 
𝐸
= 7.28 × 10−5. The minimum change in the phase would be ~0.23 𝑚𝑟𝑎𝑑 and the 














CHAPTER 4: TRANSIENT MID-IR NONLINEAR REFRACTION IN AIR  
The existence of a transparency window in the Mid-IR [55] has raised considerable interest 
in atmospheric propagation of short mid-IR laser pulses. Propagation of high power self-guided, 
diffraction resistant laser filaments in the atmosphere has attracted attention in remote sensing and 
LIDAR [56-61]. The directional behavior of filaments, including their directional backscatter 
makes them favorable for LIDAR applications [59]. In addition, Mid-IR filamentation in air can 
be used to detect pollutants and aerosols [60, 62]. Furthermore, high harmonic generation [63] and 
broadband supercontinuum generation [59, 64] are other applications of high power short laser 
pulses in the Mid-IR. All these applications necessitate knowledge of nonlinear refraction (NLR) 
of air for Mid-IR spectral ranges. Most of the experimental studies on the nonlinear propagation 
of short laser pulses in air have been done for the visible and near IR (NIR) ranges [25, 65, 66] 
and information in the Mid-IR spectral range is limited. Additionally, most measurements have 
used two beams of different wavelengths thus yielding the nondegenerate nonlinear refractive 
indices. An exception is Pigeon et al. [67] who used degenerate four-wave mixing with 10 μm 
picosecond laser pulses to measure the nonlinear refractive index of air and air constituents. We 
define the nonlinear index change as Δ𝑛 = 𝑛2,𝑒𝑓𝑓𝐼, where 𝑛2,𝑒𝑓𝑓(𝜆𝑝; 𝜆𝑒) includes the 
instantaneous response due to bound electrons (𝑛2,𝑒𝑙) and the molecular reorientational response 
(𝑛2,𝑟𝑜𝑡). p and e denote the probe and excitation wavelengths respectively.  In [67] 𝑛2,𝑒𝑙 and 
𝑛2,𝑟𝑜𝑡  could not be resolved because of the long pulse duration. In another experiment Zahedpour 
et. al., used single-shot supercontinuum spectral interferometry (SSSI) [68] to measure the 
nonlinear phase shift of air constituents using a weak visible supercontinuum probe with excitation 
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in the Mid-IR  [69, 70]. In this paper we use the time-resolved and polarization-sensitive beam 
deflection (BD) technique [54] to measure the bound-electronic 𝑛2,𝑒𝑙 of air, with different 
combinations of wavelengths including a near-degenerate experiment in the Mid-IR. Our analysis 
assumes, as has been verified previously by others, a very small dispersion of the reorientational 
response (<3% for either O2 or N2) [69, 71, 72]. Therefore, we ignore this dispersion in our 
calculations. 
The BD technique has several advantages over other excite-probe techniques. In 
comparison to the optical Kerr effect (OKE) [73] and degenerate four-wave mixing [74] techniques 
it does not need a complicated optical heterodyne detection (OHD) system to measure the sign of 
the nonlinear refractive index, and the experimental implementation is simpler with respect to 
interferometric methods [68]. Being a 2-beam experiment, it is sensitive to the relative polarization 
of the two inputs which is advantageous since it allows separation of the bound-electronic 𝑛2,𝑒𝑙 
and the nuclear reorientation components of 𝑛2,𝑒𝑓𝑓   based on symmetry. Additionally, the high 
sensitivity of BD allows us to directly measure the nonlinear phase shift of air for both NIR and 
Mid-IR excitation even though the signal varies as -1.  
Additionally, using our measurements, we have calculated the pulsewidth dependence of 
the effective nonlinear refractive index encountered by a single beam, i.e. 𝑛2,𝑒𝑓𝑓(:). This is 
discussed in Section 5. Our results show that for very short temporal pulse durations (≲ 10 fs) the 
effective NLR does not change with the excitation pulsewidth as expected since the nonlinear 
refraction is dominated by 𝑛2,𝑒𝑙(;). As the pulsewidth increases the reorientational contribution 
to NLR becomes important and at very long pulsewidths (for air at 1 atm ≳ 2.4 ps) it again 
becomes independent of pulsewidth. However, we find a maximum 𝑛2,𝑒𝑓𝑓 for pulsewidths around 
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0.5 ps, which we attribute to the oscillatory behavior of the reorientational response function.  We 
also performed pressure dependent and temperature dependent analysis for  𝑛2,𝑒𝑓𝑓 . 
4.1 Reorientation Response 
In chapter two of this dissertation we extensively talked about bound-electronic 
nonlinearities and non-instantaneous nonlinearities. In general we can have different non-
instantaneous nuclear nonlinearities like reorientation, libration, collision and vibration [26, 73, 
75]. We can see all these effects in the nuclear response of a liquid, as an example you can look at 
the work that has been done in our group for carbon disulfide [26]. 
However, in the dilute gas medium because of lower density of molecules and low collision 
rate collision and libration responses can be ignored.  
For seeing a vibrational and rotational Raman response the molecule should be Raman 
active. The first requirement for being a Raman active molecule is that the polarizability of 
molecule must be anisotropic. Linear symmetric molecules do have rotational Raman spectra. Not 
all the vibrational mode can be excited by a femtosecond pulse. The pulsewidth of our excitation 
beam should be less than the half of the vibration period. In this dissertation my excitation 
pulsewidth is not short enough to excite these vibrational modes and we ignored this contribution. 
In this dissertation we are dealing with the Oxygen and Nitrogen molecules. Both molecules are 




4.2 Theory of Rotational revivals 
We can treat the nuclear response of the gas molecule by recognizing that it is a Rotational 
Raman contribution to the nonlinear refractive index. In order to formulate this response, we need 
to look at the quantum picture. We know that we have discrete rotational states. The energy of 
rotation is related to the total angular momentum 𝑗 through:  
𝐸𝑟𝑜𝑡
𝑗
= ℎ𝑐𝐵𝑗(𝑗 + 1) − ℎ𝑐𝐷𝐽2(𝑗 + 1)2 
(4-1) 
Where ℎ is the planck’s constant, B is the rotational constant and D is the centrifugal 
distortion constant [76]. An optical pulse induces a transition between two adjacent states 𝐽 and 𝐽’ 
and since this transition is a two photon process the selection rule would impose  𝑗′ − 𝑗 = ±2 for 
a linear molecule [77]. 
When we apply electric field to gas media the dielectric permittivity is given by [7, 78]: 
𝜀 = 𝑛2 = 1 + 4𝜋𝑁 〈𝛼〉𝑡 
(4-2) 
Where N is the number of molecules per 𝑐𝑚3, 〈𝛼〉𝑡 is the time dependent ensemble average 
molecular polarizability and n is the refractive index. If we can find the 〈𝛼〉𝑡 then we can calculate 
the reorientational nonlinear refractive index. The average molecular polarizability is 〈𝛼〉𝑡 =
〈?̂?. ?̿?. ?̂?〉𝑡 . Here ?̂? is the electric field polarization and ?̿? is the second order molecular polarizability 
tensor. For a linear molecule, assuming the molecular axis along 𝑧, the only nonzero components 
of the polarizability tensor are: 𝛼𝑥𝑥 = 𝛼𝑦𝑦 = 𝛼⊥and 𝛼𝑧𝑧 = 𝛼∥. Because of the molecular symmetry 
about the z-axis, let us assume the electric field in 𝑥, 𝑧 direction (𝐸 = ?̂?𝐸𝑥 + ?̂?𝐸𝑧) . Now we can 
rewrite (4-2) as  𝑛2 = 1 + 4𝜋𝑁( 𝛼𝑥𝑥〈𝑒𝑥
2〉𝑡 + 𝛼𝑧𝑧〈𝑒𝑧
2〉𝑡). By defining ∆𝛼 = 𝛼∥ − 𝛼⊥ and 𝑒𝑧 =
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?̂?. ?̂? = cos (𝜃), we can write the equation for the refractive index as 𝑛2 = 1 + 4𝜋𝑁( ∆𝛼 𝑐𝑜𝑠2(𝜃) +
 𝛼⊥). As a result, the change of refractive index by considering 〈𝑐𝑜𝑠










The change of refractive index in Equation (4-3) does not include the bound-electronic 
response and is only due to the reorientational response. For calculating the change in the refractive 
index, we need to find the time average ensemble of the degree of alignment (𝑐𝑜𝑠2(𝜃)). In the 
case that we cannot and do not have the knowledge of tracking the movement of each molecule, 
we use the density matrix formalism. In this case we are tracking the whole system instead of 
tracking each molecule[6, 79]. By defining the density matrix 𝜌(𝑡) that describes the rotational 
Raman transition between two levels, we can show that the time average of the degree of alignment 
would be[65]: 




In the above expression ⨂ is the multiplication operator and 𝑇𝑟 is the trace operation and 
|𝑙⟩ and |𝑘⟩ are the molecular rotational eigenstates. For calculating the change of the refractive 
index, we need to find 𝜌𝑘𝑙 and ⟨𝑘|𝑐𝑜𝑠
2(𝜃)|𝑙⟩. 
Let us first calculate 𝜌𝑘𝑙. The reason that we are only looking at the off-diagonal element in the 
above expression is that it corresponds to the coherence of the two eigenstates, which is what we 
are looking for. We assume the first order optical perturbation for the density matrix, 𝜌(𝑡) =
𝜌(0) + 𝜌(1)(𝑡). 𝜌(0) is the zeroth order density matrix and describes the rotational system at thermal 
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equilibrium at 𝑡 = −∞. 𝜌(1)(𝑡) Is the first order correction to the density matrix, induced by 










The perturbation Hamiltonian is 𝒽 = −𝑃. 𝐸 where 𝑃 is the induced molecular dipole moment (𝑃 =
?̿?. 𝐸) and 𝐸 is the laser field. [ ]𝑘𝑙 is the off-diagonal elements of the commutator operator, 𝜔𝑘𝑙 =
𝐸𝑘−𝐸𝑙
ℏ
 is the corresponding Raman frequency and 𝛾𝑘𝑙 is the dephasing rate between 𝑙 and 𝑘 
rotational states. The Hamiltonian operator and the density matrix are as follows. 
?̂? = [
𝐸𝑙 −?̿?. ?⃗? (𝑡). ?⃗? (𝑡)
−?̿?. ?⃗? (𝑡). ?⃗? (𝑡) 𝐸𝑘





The off-diagonal element of the commutator between the two matrices is −?̿?. ?⃗? (𝑡). ?⃗? (𝑡)(𝜌𝑙𝑙 −
𝜌𝑘𝑘) = (−∆𝛼|𝐸|
2⟨𝑘|𝑐𝑜𝑠2(𝜃)|𝑙⟩ − 𝛿𝑘𝑙 𝛼⊥|𝐸|
2)(𝜌𝑙𝑙 − 𝜌𝑘𝑘) where 𝛿𝑘𝑙 is a unity matrix.  
The matrix element 𝑄𝑗,𝑗′
𝑚 = ⟨𝑘|𝑐𝑜𝑠2(𝜃)|𝑙⟩ = ⟨𝑗,𝑚|𝑐𝑜𝑠2(𝜃)|𝑗′𝑚′⟩ is only nonzero for 𝑚 =















The laser electric field is defined as: 𝐸(𝑡) = ℰ(𝑡)(𝑒𝑖𝜔𝑡 + 𝑒−𝑖𝜔𝑡)/2 . ℰ(𝑡) Used in equation (4-7) 
is the slowly varying envelope and 𝜔 is the carrier frequency. The diagonal element  𝜌(0)(𝑗,𝑚),(𝑗,𝑚) 
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𝐷𝑗 in the above expression is the statistical weighting factor for the number of nuclear spin states 
and will be discussed later in this chapter. For now let us just accept that for Nitrogen both even 
and odd states contribute to ∆𝑛𝑟𝑜𝑡 and 𝐷𝑗−𝑒𝑣𝑒𝑛 = 2/3 and 𝐷𝑗−𝑜𝑑𝑑 = 1/3 and for Oxygen only odd 
𝑗 states contribute and 𝐷𝑗−𝑜𝑑𝑑 = 1.  Now having all these relations Equation (4-7) can be 
calculated after averaging over a laser optical cycle (on a pulse envelope time scale). 
Using (4-8) we can shows how  𝜌(0)(𝑗,𝑚),(𝑗,𝑚) changes for both Oxygen and Nitrogen for 
different rotational 𝑗 states. 
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Figure 4-1: Initial occupation probability of Oxygen (left) and Nitrogen (right) shown for 
different quantum numbers 𝑗 
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By replacing the calculated  𝜌(0)(𝑗,𝑚),(𝑗,𝑚) we can find 𝜌
(1)
(𝑗,𝑚),(𝑗−2,𝑚)
(𝑡) we can find the change 









𝑚 .  
As we can see in Equation (4-7) 𝜌(1)(𝑗,𝑚),(𝑗−2,𝑚) = (𝜌
(1)
(𝑗−2,𝑚),(𝑗,𝑚)


















𝑚  Is real and summation over 𝑗 and 𝑚 is assumed. Rotational states are spherical harmonics 
and if we perform solid angle integration over of the spherical harmonics, we can show that [79]: 
(𝑄𝑗,𝑗−2
𝑚 )2 =
(𝑗2 − 𝑚2)((𝑗 − 1)2 − 𝑚2)
(2𝑗 − 1)2(2𝑗 + 1)(2𝑗 − 3)
 
(4-10) 





















By defining a weighting factor  𝑇𝑗 for the molecules in a particular rotational state with quantum 





















 The figure below shows the normalized  𝑇𝑗 for Oxygen and Nitrogen for different rotational 
𝑗 states. 
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Figure 4-2: Normalized weighting factor  𝑇𝑗 for Oxygen (left) and Nitrogen (right) 
The integral ∫ 𝑑𝜏ℇ2(𝜏) 𝑒(−𝑖𝜔𝑗,𝑗−2+𝛾𝑗,𝑗−2)𝜏
𝑡
−∞
 in Equation (4-11) can be solved numerically in 
Matlab by assuming a Gaussian pulse for the field and using the “completing the square method” 
to write the integrand in terms of a complex error function. Since the argument of the error function 
would be a complex number, we should use the erfz(x) function in Matlab. This is the final 









































An important point about the above analytical solution is that the complex error function 
expression fails over long pulse-widths and as a result we have to use other ways to solve it. 
In the above expression 𝜏 is the pulse-width (𝐻𝑊1/𝑒𝑀) of excitation beam. In Equation 
(4-13) we should pay attention to this important point that the change of rotational refractive index 
due to𝑁2, is a contribution from both odd and even 𝑗 states while only odd states contribute for 
Oxygen. 
Equation (4-13) shows the change of refractive index due to reorientation. The rotation of 
the molecule imposes a sinusoidal change of refractive index. The speed of this rotation for these 
molecules sitting in different 𝑗 states depends on the 𝜔𝑗,𝑗−2 = 4𝜋𝑐𝐵(2𝑗 − 1). As a result, the 
change of refractive index at any point in time is an ensemble temporal average of many sinusoidal 
functions (∝ 𝑒(𝑖𝜔𝑗,𝑗−2−𝛾𝑁2)𝑡) with frequencies ~ equally spaced (4𝜋𝑐𝐵(2𝑗 − 1)) in the frequency 
domain. This results in the periodic pulsation of the refractive index. We saw the exact same thing 
in the theory of mode-locked laser pulses [80-82]. Where we had several longitudinal cavity modes 
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with frequency separation of 𝑐 2𝐿⁄  interfering with each other and resulting in a pulsed shape laser 
output.  
Figure 4-3 shows the calculated summand of equation (4-13) for Oxygen molecule for 
different 𝑗 to 𝑗 + 2 transitions. Figure 4-4 shows the ensemble average of several rotational states 
(summand of equation (4-13)). This shows how interference of sinusoidal functions with equally 
spaced frequencies can lead to rotational revivals. 
 





















 j=1 to 3,  j=3 to 5 ,  j=5 to 7,  j=7 to 9 ,  j=9 to 11,  j=11 to 13,
  j=13 to 15 ,  j=15 to 17,  j=17 to 19,  j=19 to 21,  ensemble average
                            
 
Figure 4-3: The summand in Equation (4-13) is calculated and plotted for oxygen 
molecule for different 𝑗 to 𝑗 − 2 transitions. In addition to that the ensemble average of these 







































Rotational Revivals for OXYGEN
 
Figure 4-4: Shows how ensemble average of several coherent sinusoidal functions leads to 
bit function. The ensemble average of several coherent 𝑗 states of Oxygen is shown leading to the 
periodic pulsation of the output pulse. 5. 8 𝑝𝑠 Is ~ half of the period of the rotational revivals of 
oxygen (𝑇𝑂2~1.1 𝑝𝑠) 
 
These rotations of molecules however, will not continue forever and it will be eventually 
damped as a result of collision of gas molecules. The other reason for suppression of rotational 
revivals is the centrifugal distortion that together with collision upsets equal comb spacing of 
Raman lines and destroy the coherence between rotations of gas molecules. Decreasing the 
amplitude of the revivals will be obvious especially when we are using a pressured gas for our 
measurements. The reason as I mentioned earlier is the increasing in number density of gas 
molecules leading to an increase in the collision rate. 
4.3 Nuclear Spin Statistics 
Before talking about the role of polarization, let us first talk about the statistical weighting 
factor , 𝐷𝑗 that was mentioned earlier. The population distributed between odd and even rotational 
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levels is determined by the symmetry of the molecular wave function. The molecular wave 
function is a product of four wave functions [83]. 
𝜓𝑡𝑜𝑡𝑎𝑙 = 𝜓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 × 𝜓𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 × 𝜓𝑟𝑜𝑡𝑎𝑖𝑜𝑛𝑎𝑙 × 𝜓𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑠𝑝𝑖𝑛  
 (4-14) 
For molecules with identical nuclei depending on whether the nuclei is a Boson or a Fermion, 
𝜓𝑡𝑜𝑡𝑎𝑙must be even or odd upon nuclear interchange. Bosons (integer spins) have an even 𝜓𝑡𝑜𝑡𝑎𝑙, 
i.e. 𝑖̂𝜓𝑡𝑜𝑡𝑎𝑙 = 𝜓𝑡𝑜𝑡𝑎𝑙 while Fermions (half integer) have an odd 𝜓𝑡𝑜𝑡𝑎𝑙, i.e. 𝑖̂𝜓𝑡𝑜𝑡𝑎𝑙 =
−𝜓𝑡𝑜𝑡𝑎𝑙 where 𝑖̂ is the interchange operator. Both 𝑁2 and 𝑂2 are Bosons and as a result they have 
symmetric 𝜓𝑡𝑜𝑡𝑎𝑙 . Now based on the symmetry of 𝜓𝑡𝑜𝑡𝑎𝑙 , and other wave function symmetries on 
the RHS of Equation (4-14), we decide the symmetry of the nuclear wave function [79, 83, 84].  
Electronic wave function of 𝑁2  is symmetric ( 𝑖̂𝜓𝑒𝑙 = 𝜓𝑒𝑙 ) and it is antisymmetric (𝑖̂𝜓𝑒𝑙 = −𝜓𝑒𝑙 ) 
for 𝑂2. The vibrational wave function is symmetric for both 𝑁2 and 𝑂2 and they only have one 
stretch mode. The rotational wave function is symmetric for even 𝑗 states and antisymmetric for 
odd 𝑗 states. The nuclear spin wave function can be both symmetric and antisymmetric upon 
nuclear interchange. In total for homo-nuclear molecules, we have (2𝑆𝑛 + 1)(𝑆𝑛 + 1) symmetric 
nuclear spin states and (2𝑆𝑛 + 1)𝑆𝑛 antisymmetric nuclear spin states, where 𝑆𝑛 is the spin 
quantum number of the nuclei [84]. 
Nitrogen has a spin quantum number of 𝑆𝑛 = 1 and oxygen has spin quantum number 
of 𝑆𝑛 = 0. I have summarized the symmetry characteristic of Oxygen and Nitrogen molecules in 
Table 4-1. 




  𝝍𝒕𝒐𝒕𝒂𝒍 𝝍𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒊𝒄 𝝍𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒂𝒍 𝝍𝒓𝒐𝒕𝒂𝒕𝒊𝒐𝒏𝒂𝒍 𝝍𝒏𝒖𝒄𝒍𝒆𝒂𝒓 𝒔𝒑𝒊𝒏 














Using information of Table 4-1, we can conclude the symmetry of 𝜓𝑛𝑢𝑐𝑙𝑒𝑎𝑟 for Nitrogen 
and Oxygen molecules. For Nitrogen in order to have a symmetric 𝜓𝑡𝑜𝑡𝑎𝑙, 𝜓𝑟𝑜𝑡𝑎𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 and 
𝜓𝑛𝑢𝑐𝑙𝑒𝑎𝑟 should have same symmetries and since the number of nuclear spin states are two times 
the odd ones, the number of even rotational states would be twice the odd one. For Nitrogen, the 
𝜓𝑟𝑜𝑡𝑎𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 can only be both symmetric and antisymmetric and even 𝑗 states are twice the odd 𝑗 
states, i.e. ( 𝐷𝑗−𝑒𝑣𝑒𝑛/ 𝐷𝑗−𝑜𝑑𝑑) = (2/1).  𝐷𝑗−𝑜𝑑𝑑−𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 = 1/3 and 𝐷𝑗−𝑒𝑣𝑒𝑛−𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 = 2/3 for 
Nitrogen. For Oxygen however, the 𝜓𝑟𝑜𝑡𝑎𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 can only be antisymmetric and only odd 𝑗 states 
can contribute. As a result (𝐷𝑗−𝑒𝑣𝑒𝑛/ 𝐷𝑗−𝑜𝑑𝑑) = (0/1). 𝐷𝑗−𝑒𝑣𝑒𝑛−𝑜𝑥𝑦𝑔𝑒𝑛 = 0.  𝐷𝑗−𝑜𝑑𝑑−𝑂𝑥𝑦𝑔𝑒𝑛 = 1 
for Oxygen molecule [68, 77, 83]. 
4.4 Effect of Polarization 
Before talking about the experimental part of this project, let us talk about the importance 
of the polarization in our measurements. As we know the two origins of NLR in gases, the isotropic 
response (represented here by bound-electronic response) and the reorientation response have 
different symmetries. As a result, by using different combinations of polarization of pump and 
probe we can separate these two responses. As you will see in the experimental section, we used 
beam deflection method to do our measurement. Beam deflection technique is a two-beam pump-
probe nonlinear optical spectroscopy technique. The pump is used for excitation of the gas 
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molecule and inducing birefringence. The probe however is a weak beam just monitoring the 
changes due to the pump. When we excite a linear molecule with anisotropic polarizability, the 
torque induced by the field rotates the molecule in a way that the largest polarizability axis of the 
molecule rotates toward the polarization of the pump beam. This shows the importance of pump 
beam polarization and the probe polarization with respect to it. For example, if the probe and the 
pump have the same polarization then the probe detects an increased or positive change of 
refractive index as a result of more molecules rotating toward the pump polarization direction. 
However if the probe has a polarization perpendicular to the pump’s polarization, the probe sees a 
negative change in the refractive index. This is because of the rotation of those molecules randomly 
aligned perpendicular to the pump polarization prior to the excitation and now rotating towards 
the pump polarization direction after rotation is induced by the pump. Therefore, we went from a 
positive change of NLR to the negative change of NLR by changing the probe polarization from 
parallel polarization to the perpendicular polarization with respect to pump polarization. This 
suggests that there should be a polarization that the ensemble change of refractive index due to 
reorientation is zero meaning the number of molecules going into alignment are the same as the 
ones going out of alignment. This gives an ensemble zero change of refractive index due to 
reorientation response and the change we see for the nonlinear refraction is only due to bound-
electronic response. Let us first look at the angular dependence of refractive index. The refractive 













Where 𝑛∥ and 𝑛⊥ are the refractive indices experienced by field parallel or perpendicular with 
respect to optic axis. [78, 85]. In another note, we can write the change in refractive index in terms 
of the symmetry components.  
∆𝑛(𝜑) = ∆𝑛𝑖𝑠𝑜 + ∆𝑛𝑟𝑒 
(4-16) 
In the above expression “iso” represents the isotropic symmetry which here is represented by the 
instantaneous bound-electronic response. The index “re” represents reorientational symmetries 
represented by the non-instantaneous reorientational response. The relationship between co-
polarized and cross-polarized pump and probe in isotropic and reorientational symmetry is 
different. The third order nonlinear refraction in isotropic media follows ∆𝑛∥
𝑖𝑠𝑜 = ∆𝑛⊥
𝑖𝑠𝑜/3 [7, 78] 
however in reorientation symmetry we have ∆𝑛∥
𝑟𝑒 = − ∆𝑛⊥
𝑟𝑒/2  [26, 54]. 
 
Figure 4-5: top row: Nitrogen molecules at random orientations, bottom row: the excitation 
beam with z direction rotates the Nitrogen molecule 
Figure 4-5 shows the reason for the negative factor of two of change of refraction when the 
polarization of probe is parallel and perpendicular to the excitation beam. After the pump induces 
reorientation, the molecules with x and y-axis orientation will rotate toward the z-axis, the 
molecules initially with z-axis orientation however will not rotate since they do not feel the torque 
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induced by the field. As a result, the co-polarized probe feels a positive change of alignment for 
two out of three molecules. However, if the probe is cross-polarized with respect to the pump beam 
(let us assume it is along x-axis), it feels a negative change of refractive index since the molecules 
with x-axis orientation will rotate towards the z-axis. 




𝑟𝑒) and using the 











Now by zeroing the reorientational contribution to the change of refractive index in 
Equation (4-17), we can find the angle between pump and probe that gives pure bound-electronic 
response. The angle is 54.7° and is known as the magic angle [25, 86].  
For this reason, we performed different measurements for co-polarized, cross-polarized 
and magic angle polarizations. The fact that at magic angle no contribution from reorientational 
response is seen, enables us to find an unambiguous value for NLR due to bound electronic 
response. Another important point about the polarization of pump and probe is that they are not 
independent of each other and from each two polarization we can find the third one. Using 
Equation below we can find the change of refractive index at any angle of pump and probe.  
      ∆𝑛(0°) = ∆𝑛∥
𝑖𝑠𝑜 + ∆𝑛∥
𝑟𝑒 

















Using Equation (4-18) we can easily find the relation between different polarizations: 
      ∆𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 3 × ∆𝑛𝑚𝑎𝑔𝑖𝑐 − 2 × ∆𝑛𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 
      ∆𝑛𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 =
3
2
 × ∆𝑛𝑚𝑎𝑔𝑖𝑐 −
1
2
 × ∆𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  






× ∆𝑛𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟  
(4-19) 
 
These relations serve as good checks on the data to ensure proper alignment, overlap and 
using the correct polarization angles.  
The challenging part of measuring the nonlinearity of the gases is the problem with 
measuring the interaction length. In addition to that, the long interaction length in the gas medium 
violates the thin prism approximation. As a result, absolute calibrated measurements are difficult. 
The solution is using the values of polarizability anisotropy ∆𝛼 that is measured from gas phase 











𝑓(3)〈𝛾〉. 𝑓(3)Is the Lorentz-Lorentz local 
filed correction factor for third order nonlinearities[88]. This expression together with the one we 







Equation (4-20) shows that the response function of the nuclear contribution to the NLR 
depends on Δ𝛼2. This is very useful, since the amplitude of the rotational response depends on 
these known values of Δ𝛼, so we can use them as a self-reference to measure 𝑛2,𝑒𝑙 relative to 
it [25].  
59 
 
We determine the value of n2,el by comparison with known values of the polarizability 
anisotropy of oxygen and nitrogen. Luckily the ’s for nitrogen and oxygen which constitute 
99% of air, have been well studied, including their dispersion which is exceedingly small.  The 
dispersion has been calculated and measured at different wavelengths to have the approximate 
frequency dependence (𝜔) ≈ (0) + 𝐶𝜔2 . Light scattering measurements for N2 are well fit by 
(0) = 6.6 × 10-25 cm3 and 𝐶 = 3.8 × 10-57 cm3s2. The dispersion is remarkably weak, e.g., 
(800nm)/ (=0) ~1.03, i.e., the dispersion all the way to zero frequency should be only 3%. 
Thus, the dispersion to 3.5 should be <3%.  The value for oxygen is similarly nearly dispersionless 
[69].   
For the temporal dependence we use the well-known rotational constant (B) as 1.995𝑐𝑚−1  and 
1.437𝑐𝑚−1 for 𝑁2 and 𝑂2 respectively [25]. Centrifugal distortion constant (D) used for 𝑁2 and 
𝑂2 was 5.1 × 10
−4𝑐𝑚−1 and 5.6 × 10−4𝑐𝑚−1 [25]. However, the results for the determination of 
n2 do not depend on these parameters since they only influence the later revivals in time. 
In order to obtain the best SNR for the determination of n2,el the important part of the data is just 
the first peak, i.e., the ultrafast, bound-electronic nonlinearity is only observed when both 
excitation and probe pulses are present near zero delay.   Taking more data in this temporal region 
increases the SNR.  
4.5 Experiment 
As mentioned earlier, NLR in molecular gases originates from a combination of bound-
electronic and reorientational responses. Previously, using the BD technique, we were able to 
separate these two components of NLR by exciting in the NIR and probing in the visible [25]. 
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Here, using the same technique, we measure the bound-electronic response in the Mid-IR. Others 
have excited in the near to Mid-IR and probed from the visible to near IR [69, 70].  
We performed three sets of measurements. For the first two sets, we excited at 0.8 µm and probed 
at 2.4 µm and 3.3 µm. These results are complementary to the measurements of [69, 70]where the 
excitation beams were in the mid-IR and the probe was at 400 - 700 nm since n2(𝜆𝑝; 𝜆𝑒) can be 
shown to equal n2(𝜆𝑝; 𝜆𝑒).  For the third set of measurements, we excited at 3.5 µm and probed at 
2.5 µm. A probe wavelength closer to 3.5 𝜇𝑚 would have been desirable, but issues of leakage of 
the pump wavelength into the detector prevented this.  We used a commercial Ti:Sapphire laser 
system (Coherent Legend Elite Duo HE+) to generate 0.8 µm with ~40 fs (FWHM) pulsewidth at 
a 1 kHz repetition rate. We used part of this 0.8 µm beam for the NIR excitation experiments. For 
Mid-IR excitation, we used the signal and idler of an optical parametric amplifier (Light 
Conversion, HE-TOPAS) to generate 3.5 µm using a non-collinear difference frequency generator 
(NDFG, Light Conversion). To generate probe wavelengths at 2.4 µm and 2.5 µm, we used the 
idler of an optical parametric amplifier (Light Conversion, TOPAS-Prime). Finally, for generation 
of the excitation beam at 3.3 µm, we generated the difference frequency of the signal and idler 
output of the TOPAS-Prime using a AgGaS2 crystal Figure below shows the BD setup. In all 
experiments, the excite beam was focused to a spot size more than 3 times larger than the probe. 
The beams cross in the horizontal plane and the probe is vertically displaced from the center of the 
Gaussian excitation beam where it experiences the maximum irradiance gradient. The excitation 
beam creates an index gradient that deflects the probe beam in the vertical direction on the quad-
cell detector placed in the far field. The energy difference between the top and bottom segments 
of the detector when normalized to the total transmitted probe energy (∆𝐸/𝐸) isdirectly 
61 
 
proportional to the change of refractive index [54]. In this experiment, we used a Mercury 
Cadmium Telluride (MCT) quad-cell detector custom-made by Infrared System Associates, Inc., 
to measure deflection of the probe in the Mid-IR.  
 
Figure 4-6: Detailed beam-deflection experimental setup for measuring the deflection of 
the probe due to excitation. The figure shows the path for both 0.8um (red) and 3.5um (navy blue) 
excitation beams. The 2.4um and 2.5um probe beams are from the idler of TOPAS Prime and the 
3.3um probe beam is the difference frequency generation of signal and idler using a AgGaS2 
crystal. At the output of the detector we get the subtraction of the voltage on top and bottom 
segments of the detector, E, together with total energy, E, using the addition of the four cells.   
A beam profiling camera, together with slit and knife edge scans were used to measure the spot 
sizes of pump and probe for each set of measurements. The 0.8 𝜇𝑚 and 3.5𝜇𝑚 excitation beams 
were focused to  240𝜇𝑚 and 250𝜇𝑚 (HW1/e^2) radii respectively. The 2.4𝜇𝑚, 2.5𝜇𝑚 and 3.3𝜇𝑚 
probe wavelengths were focused to 69 𝜇𝑚 , 78 𝜇𝑚 and 75𝜇𝑚 (𝐻𝑊 1 𝑒2⁄ ) radii respectively. The 
pulsewidth of the 0.8 𝜇𝑚 excitation pulse was measured using a GRENOUILLE device as 64 fs 
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(FWHM). The 2.4 𝜇𝑚 and 3.3 𝜇𝑚 pulsewidths were found to be 240 fs and180 fs (FWHM) by 
cross-correlation with the 0.8 𝜇𝑚 pulse using beam deflection in fused silica.   
The pulse widths at 3.5 microns and 2.5 microns were not measured independently but 
their cross correlation was measured by BD in BaF2 as 330fs.  This was corroborated by the BD 
measurements in air.  However, as we discussed before, these parameters are not important in 
fitting the data since we measure 𝑛2,𝑒𝑙 relative to ∆𝛼 values.  
We note here that all of our measurements were performed at irradiance levels lower than the 
ionization threshold, which we observed at 800 nm to be ~7.4 TW/cm2. We therefore performed 
experiments at irradiances at least 0.8 TW/cm2 below this threshold. To maintain a sufficiently 
high signal to noise ratio (SNR) we used a small angle (~1.5°) between excitation and probe beams 
in order to increase the overlap and maximize the signal (∆𝐸/𝐸). We also used synchronous 
detection, modulating the excitation beam at 285 Hz, and using a 3 ms integration time, as well as 
repeating the experiments 6 times and averaging the results.  
Figures (Figure 4-7), (Figure 4-8), andFigure 4-9) are some of the specifications of the 800nm 




Figure 4-7: pulsewidth measurement of 0.8um beam used for the excitation using the Frog. 
 




Figure 4-9: Beam x and y cross-sections at ~sample position 
4.6 Results and discussion 
In figure below we show results using a 2.4 µm probe and 0.8 μm excitation beam in ambient air. 
The energy used for the excitation beam was 412 µJ(6.2 𝑇𝑊 ⁄ 𝑐𝑚2). In order to fit the 
experimental data we used literature values of the polarizability anisotropy for 𝑁2 and 𝑂2 [65]and 
thus determine a bound electronic 𝑛2,𝑒𝑙 that is relative to the molecular anisotropy values. The 
reorientational response for co-polarized and cross-polarized excite and probe results in index 
changes of opposite sign. As we said before, if the angle between excite and probe polarizations 
is 54.7° (the so called magic angle), we obtain zero contribution from the reorientational response 
[89] . Consequently, we only see the bound-electronic response. Figure 4-11: BD signal versus 
temporal delay near zero delay using 2.4 µm probe and 0.8 µm excitation for parallel-open circle, 
perpendicular-open triangle, and magic angle-open Square. The accompanying solid symbols 
(parallel-red solid circle, perpendicular-green solid circle and magic angle-blue solid circle) were 
each calculated from the remaining two curves, using equation (4-19) as a check on the data.shows 
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the results for these three polarization combinations. Here we show a long scan including revivals 
and a scan around zero delay with more points to get better quality fits for 𝑛2,𝑒𝑙(𝜆𝑝; 𝜆𝑒). 
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Figure 4-10: (a): BD signal using 2.4 µm probe and 0.8 µm excitation beam in ambient air, 
for parallel, perpendicular, and magic angle polarization combinations. Bottom figures show scans 
around zero delay for perpendicular (b), magic angle (c) and parallel (d) polarizations with their 
respective numerical fits. Solid lines are the corresponding numerical fits for each polarization 
combination. 
As I mentioned earlier, using Equation (4-19) we can check the validity of data in terms of using 
the right alignment, polarization and overlap. We did this for all of our measurements. 
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Figure 4-11: BD signal versus temporal delay near zero delay using 2.4 µm probe and 0.8 
µm excitation for parallel-open circle, perpendicular-open triangle, and magic angle-open Square. 
The accompanying solid symbols (parallel-red solid circle, perpendicular-green solid circle and 
magic angle-blue solid circle) were each calculated from the remaining two curves, using equation 
(4-19) as a check on the data. 
Figure 4-11, shows the measurement data for a 2.4 µm probe and a 0.8 μm excitation for three 
polarizations in addition to the calculation of each polarization using the remaining two 
polarizations. As you can see, there is very good agreement between the measurements and the 
curves showing the results are trustable in terms of alignment and polarization.  
The results for 3.3 µm probe and 0.8 μm excitation in ambient air using am excitation 
energy of 420 µJ (6.3 𝑇𝑊 𝑐𝑚2⁄ ) are shown in Figure 4-12 for the three polarization combinations 
with their respective numerical fits. 
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Figure 4-12: BD signal using 3.3 µm probe and 0.8 µm in ambient air for parallel (left), 
magic angle (middle), and perpendicular (right) polarization combinations. Solid lines are the 
corresponding numerical fit for each polarization. 
We also check the polarizations using Equation (4-19) for this set of wavelength. 




















 Magic angle calculation
 
Figure 4-13: BD signal versus temporal delay near zero delay using 3.3 µm probe and 0.8 
µm excitation for parallel- black, perpendicular-blue, and magic angle-red. The accompanying 
solid symbols (parallel-green, perpendicular-pink triangle and magic angle-dark blue) were each 
calculated from the remaining two curves, using equation (4-19) as a check on the data. 
Figure 4-13, shows the polarization check for the 3.3 um probe and 0.8um excitation. The 
signal to noise ratio of the figure above is lower than what we see in Figure 4-11. The reason is 
that the 3.3 um probe is the difference frequency generation of signal and idler of TOPAS Prime 
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using a AgGaS2 crystal. The crystal I used for the measurements was damaged and the 3.3 um 
signal was very weak after filtering signal and idler wavelengths. This severely affected the SNR 
ration of the measurements. 
For the pump and probe both in mid-IR, our initial intention was to do a closely degenerate 
measurement by setting the pump close to 3.5um, and probe at 3.3um probe. However, it was 
impossible to block the leakage of pump in to the detector. There were several reasons for this. 
First, in order to get higher signal, we needed to increase the interaction length and as a result, 
decrease the angle between the probe and the pump beam. A small angle between pump and probe 
beams will make it very hard to block the leakage of pump into the detector. Secondly, when we 
look at the spectra of the pump beam using a monochromator we noticed that the large bandwidth 
of the pump beam and it was apparent to us that we cannot block the pump by the band-pass filter 
we use for probe. This is shown in Figure 4-14. Another reason was the weakness of the probe 
beam. The longest wavelength of the idler of the TOPAS Prime is around 2.6um. For longer 
wavelength of the probe, as we did for 3.3um beam, we need to generate the difference frequency 
of signal and idler. The problem here was that the resulting beam would be very weak and we 
could not use more filters in front of the detector to block the leakage of the pump. All of this 
together made us to decide to move to shorter wavelengths for the probe and use the idler for the 
probe beam.  
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Figure 4-14: The bandwidth of excitation beam versus the probe beam measured by the 
monochromator (Oriel Cornerstone) and the FTIR (Bruker tensor 37 systems) for different 
wavelength of excitation beam. This shows why it was impossible to block the leakage of the 
excitation beam in to the detector. 
For excitation in the Mid-IR, the DFG output energy was insufficient for ambient air so we used a 
pressure cell to increase the molecular density and therefore the SNR. We built a high-pressure 
chamber using c-axis sapphire windows that transmit Mid-IR wavelengths. The windows were 
placed far enough from the beam foci to allow high-irradiance in the interaction region without 
beam overlap at the windows, or producing WLC in the sapphire.  Both beams entered and exited 
the cell without clipping. This allowed us to measure these nonlinearities with sufficient SNR to 
determine the nonlinear response. 
Natalia Munera designed the pressured cell shown below. Using this chamber, I was able to 




Figure 4-15: The designed pressured cell (left) and the final ensemble of the chamber 
(right) used for mid-IR excitation measurements 
One might think why we did not use pressured air to increase SNR with 0.8um pump. 
Unfortunately, we could not increase the SNR using the 0.8um pump due to the WLC generation 
at higher irradiances. For example, while the data of all measurements shown up to now were taken 
at 0.8um and energy of ~400uJ, the data of Figure 4-16 (using the cell at a pressure of 12 
atmosphere) was taken at an input energy of 40.4µJ. Higher energies created a WLC and noisy 
data due to the threshold-like behavior of WLC generation. These WLC were formed by 
nonlinearities in both the sapphire entrance window and the air since as we increased the air 
pressure in the cell, the threshold lowered. However since the threshold of WLC generation in 
mid-IR wavelengths are higher than near-IR, and we will have less energy using this pressure cell 
would be very helpful. 
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Figure 4-16: Data using the pressure cell at 12 atm using 40.4 J of input energy. The green 
and blue lines are just showing the expected decay rate for the N2 and O2 revivals. 
We also verified that the nonlinear refractive index scales linearly with pressure (i.e. 
number density of molecules)[90]. Figure 4 (b) shows data looking at the normalized magnitude 
of the first BD peak in the co-polarized geometry with respect to excitation energy as a function 
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of pressure. This peak includes contributions from both the bound-electronic and reorientational 
nonlinearities.  











Figure 4-17: BD signal versus pressure showing the linear dependence. The open square 
data was taken going from high to low pressure and the empty circle was taken going back again 
to high pressure. The solid line is least squares fit. For this data we used E=40.1𝜇𝐽 for all the 
measurements and changed the pressure of the cell. 
When we increase the number density of molecules, we are increasing the collision 
between molecules and as a result, the revivals will be suppressed. Below I am showing the effect 
of increasing the pressure on the rotational revivals. Notice that since the 0.8um has a pulsewidth 
of 69 fs and is much smaller than the 3.5um pump pulsewidth. This is the reason that we see 
different width for these two responses. Here I put this figure to demonstrate the suppression of 
revivals in higher pressure. 
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 Pressure of air 23.8 atm, (2.5 um probe, 3.5um excitation)
 Ambient air (2.4um probe, 0.8um excitation)
 
Figure 4-18: effect of increasing the pressure on the revivals. As it can be seen, the revivals 
have been significantly suppressed.  
Figure 4-19 shows the results for exciting with 75 μJ (0.26 𝑇𝑊 ⁄ 𝑐𝑚2 )at 3.5 μm and 
probing at 2.5μm, i.e. both excitation and probe are in the mid-IR. For this experiment, we used a 
pressure of 31.5 atm. 




Parallel PolarizationMagic Angle PolarizationPerpendicular Polarization
















Figure 4-19: BD signal for pressurized air at 31.5 atm, exciting at 3.5 µm and probing at 
2.5 µm using parallel polarizations (left), magic angle (center) and perpendicular polarizations 
(right) with their respective numerical fits shown by solid lines.  
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For these set of measurement we also checked the validity of Equation (4-19).




















Figure 4-20: BD signal versus temporal delay near zero delay using 2.5-µm probe and 
3.5µm excitation for parallel black, perpendicular-blue, and magic angle-red. The accompanying 
open symbols (parallel-pink, perpendicular-green and magic angle-dark blue) were each calculated 
from the remaining two curves, using equation (4-19) as a check on the data. 
As we stated earlier, the polarization dependence of the BD signal allows separation of the bound-
electronic response from the molecular reorientation response, which depends on the polarization 
anisotropy using Equation (4-20). However, relatively small variations in ∆𝛼 translate to 
significant changes in the calculated value for 𝑛2,𝑒𝑙(𝜆𝑝; 𝜆𝑒), since the bound-electronic response is 
proportional to the square of ∆𝛼. We fit the data for 𝑛2,𝑒𝑙(𝜆𝑝; 𝜆𝑒) using the ∆𝛼 reported by both 
Bridge and Buckingham [87] and Wahlstrand et al. [65]. Using the fitted values for 𝑛2,𝑒𝑙 we also 
determined the averaged value of the second hyperpolarizability (γ), using 𝑁 = 1.95 × 1019 m-3 
for air [91]. Results at high pressures were scaled to 1 atm. The results are shown in Table 4-2. We 
emphasize that this table only reports the ultrafast, near-instantaneous, bound-electronic 
contribution to the NLR (𝑛2,𝑒𝑙(𝜆𝑝; 𝜆𝑒)).  










Where 𝑐𝑖 is the percentage of species in the gaseous mixture. For example for air, using 𝑁 = 2.5 ×
1019 cm-3 for air [91],  𝑐𝑖 for 𝑁2, 𝑂2 and 𝐴𝑟 are 0.78 , 0.21 and 0.01 respectively.  
Table 4-2: Table 1. Measured values of 𝑛2,𝑒𝑙(𝜆𝑝; 𝜆𝑒) × 10
−20 𝑐𝑚2/𝑊 and 𝛾 ×
10−20 𝐶4𝑚4/𝐽3 of air (including our earlier measurement in the visible/near IR [25]) and weighted 
average value of γ and 𝑛2,𝑒𝑙(𝜆𝑝 = SC; 𝜆𝑒 = 2.4μm) for air constituents[69], SC is supercontinuum 
(400-750 nm). All values are scaled to 1 atm pressure. λe and λp are the excitation and probe 











n2,el(λp; λe)a 10±2 11±2 10.1±1.6 112 112 
γ(λp; λe) a 1.25±0.20 1.4±0.3 1.26±0.20 1.4±0.3 1.4±0.3 
n2,el(λp; λe)b 8.5±2 9.0±2 8.28±1.30 9.0±2 9.0±2 
γ(λp; λe)b 1.03±0.20 1.1±0.2 1.06±0.16 1.1±0.2 1.1±0.2 
 
In our results we assume NLR due to the nuclear contribution is nearly dispersionless [69, 70]. 
Here as we see in Table 4-2, we observe no measurable dispersion of the bound-electronic response 
within our experimental uncertainties. Also note the agreement between the measurements made 
with pump and probe wavelengths switched in the second and third columns which follows the 
symmetry relation 𝑛2,𝑒𝑙(𝜆𝑝; 𝜆𝑒) = 𝑛2,𝑒𝑙(𝜆𝑒; 𝜆𝑝). 
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4.7 Fitting with Different ∆𝛼  
As we said previously, since we calibrate our results with ∆𝛼 and because the change in 
the refractive index has a dependence of ∆𝛼 2, changes in the polarizability anisotropy can change 
our fitting. As I showed in the table we fitted the bound-electronic response using the two sets of 
∆𝛼 we had. I showed the numerical fits for ∆𝛼 using reference [87]. Figure 4-21 and Figure 4-22 
show the fitting for (2.4𝜇𝑚, 0.8 𝜇𝑚) and (3.3𝜇𝑚, 0.8 𝜇𝑚) using the ∆𝛼 from [65]. The result of 
the fittings are shown in Table 4-2. 
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Figure 4-21: numerical fits for scans around zero delay for parallel, perpendicular, and 
magic angle polarizations for (2.4𝜇𝑚, 0.8 𝜇𝑚) measurements from reference [65]. 
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Figure 4-22: numerical fits for scans around zero delay for parallel, perpendicular, and 
magic angle polarizations for (3.3𝜇𝑚, 0.8 𝜇𝑚) measurements from reference [65]. 
4.8 Pulsewidth Dependence of Effective Refractive Index 
Unlike the bound electronic response the reorientational response depends on the 
pulsewidth. The change in reorientational response index as a function of time in an excite-probe 
experiment is given by: 
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∆𝑛𝑟𝑜𝑡(𝑡) = ∫𝑅(𝑡 − 𝑡′)𝐼(𝑡′) ⅆ𝑡′, 
(4-22) 
where, 𝑅(𝑡) is the nuclear response function [26].  
Using the definition for response function Equation (4-22) and Equation (4-12), we can find the 
relation for the response function. 
𝑅(𝑡) = Θ(𝑡) ×
𝑐𝑁
4





Where the Heaviside function (Θ(𝑡)) makes the response function to obey causality.  


























Figure 4-23: Response function of Air using the values of ∆𝛼 using reference [87] in dark 
blue color and [65] in green color 
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Knowing the response function an effective nonlinear refractive index for a single beam can be 
calculated from the response function as follows [26]: 
 
𝑛2,𝑒𝑓𝑓 = 𝑛2,𝑒𝑙 +




This equation uses the fact that 𝑅(𝑡) is wavelength independent and our results also show that 𝑛2,𝑒𝑙 
is wavelength-independent in the near to Mid-IR. Now we are able to predict the pulsewidth 
dependence for 𝑛2,𝑒𝑓𝑓. We showed the dependence of the effective nonlinear refraction using the 
values of  from [65, 87]. These analysis was done by my colleague Natalia Munera.  

































Figure 4-24: Prediction of the pulsewidth dependence of the effective nonlinear refractive index, 
𝑛2,𝑒𝑓𝑓, for air, Nitrogen, Oxygen and Argon. The dark blue curve for air, dashed dark red curve 
for Nitrogen, dashed purple curve for Oxigen, and dashed black curve for Argon was calculated 
using the values for ∆𝛼 measured by Bridge et al. [87] and its respective fitted value for 𝑛2,𝑒𝑙 =
11 × 10−20 cm2/W and the green curve for air, dotted coral curve for Nitrogen, dotted violet curve 
for Oxygen, and dotted cyan curve was calculated according to the ∆𝛼 values measured by 
Wahlstrand et al. [65] and its respective fitted value for 𝑛2,𝑒𝑙 = 9 × 10
−20 cm2/W . The parameters 
used to do the calculations are as follows: Rotational constant: 𝐵𝑁2 = 198.956 m
-1, 𝐵𝑂2 = 143.77 
m-1; Centrifugal Distortion: 𝐷𝑁2 = 5.1 × 10
−30 m-1; 𝐷𝑂2 = 5.9 × 10
−30 m-1; Dephasing 
rates: 𝛤𝑁2 = 1/50 × 10
−12 s-1,  𝛤𝑂2 = 1/50 × 10
−12  s-1,  Number densities: 𝑁𝑁2 = 1.95 × 10
25 
m-3, 𝑁𝑂2 = 0.525 × 10
25 m-3; (a-r) indicate measured experimental values for 𝑛2 from  [a] 
Wahlstrand, et al. [65],  [b] Loriot, et al. [92], [c] Nibbering, et al. [93], [d] Börzsönyi, et al. [94], 
[e] Zahedpour, et al. [70], [f] Pigeon, et al. [95].  The dashed curves (brown/orange) show the 
calculated values for N2 while the dotted curves (black/purple) shows the calculated values for O2. 
The sums of these curves give the total. The cyan and the dashed black line is for Argon which has 
no pulsewidth dependence since it has no rotational contribution.  
We find from this relation that for very short pulses, ~20 fs or shorter, the effects from the 
nuclear contribution are minimal. However, for pulses longer than this, the contribution of the non-
instantaneous molecular reorientation response must be considered. In Figure 4-24, we report the 
dependence of the effective nonlinear refractive index on the pulsewidth. To our knowledge, this 
function has not previously been reported in the literature for gases. 
The unusual and unexpected shape of this response curve in Figure 4-24 is the fact that it 
does not monotonically increase. It shows a maximum value near ~0.5 ps. This apparently occurs 
because of the oscillatory shape of the response function, turning negative for larger times. Since 
equation (4-24) involves a convolution with this oscillatory response function, there are 
pulsewidths for which the negative contribution lowers the effective nonlinear index. This occurs 
when the periodic revivals fall within regions where the alignment lowers the refractive index.  
We also performed calculations for the pulsewidth dependence of the NLR for different 
pressures as shown in Fig. 7. The dephasing rate  𝛤𝐽,𝐽−2 scales linearly with pressure [90] as does 
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𝑛2,𝑒𝑙 and Δ𝑛𝑟𝑜𝑡scales with pressure with the density N as in Equation(4-12); however, changes in 
dephasing rate modifies the response function 𝑅(𝑡) and consequently the value of the 𝑛2,𝑒𝑓𝑓. 
Below we show the 𝑛2,𝑒𝑓𝑓normalized to the density of air at 1 atm as a function of pulsewidth for 
air and 𝑁2 and 𝑂2. Argon is also included in the sum to give the NLR of air, but is pulsewidth 
independent since there is no rotational contribution, i.e., =0. Our results show that an increase 
in the pressure suppresses the maximum and shifts it to slightly longer pulsewidths.  We note that 
our previous study of the pulsewidth dependence of the nonlinear refraction of liquid CS2 showed 
a qualitatively similar curve without a peak, consistent with the trend in pressurizing the gas 
predicted here [26].  
80 
 































Figure 4-25: Pulsewidth dependence of the 𝑛2,𝑒𝑓𝑓 normalized to the density of air at 1 
atm pressure for Air, N2, and O2 and Ar. We show a pressure variation from 0 atm (black solid 
line) to 70 atm (red solid line). The green solid line corresponds to 1 atm overlapping the black 
curve for 0 atm, and the dashed blue line corresponds to 35 atm. All the curves were calculated 
using the values for ∆𝛼 measured by Bridge et al. [87] and 𝑛2,𝑒𝑙 = 11 × 10
−20 cm2/W at NTP. 
These results are normalized to give the same bound-electronic response as at 1 atm. 
Note in Figure 4-25, for a pressure variation from ~0 atm to 1 atm there is no perceivable 
change. As the pressure is increased further to 35 atm (blue dashed line) and 70 atm (red solid line) 
the peak shifts to slightly longer pulsewidths and is suppressed.  
We can also analyze the effect of temperature on the rotational contribution. For extremely 
low temperatures only a few Raman transitions are possible, and the response function resembles 
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a damped sine wave (for T = 0 K it would be a sine wave).  Thus, for low temperatures the negative 
going portion of the response function increases and moves to longer pulsewidths (see Figure 
4-26). The extended negative part of the response function decreases the rotational contribution to 
𝑛2,𝑒𝑓𝑓 for longer pulses. This results in an increase of the peak and a shift to shorter pulsewidths 
at lower temperatures.  
We looked at two other scenarios of having a constant N and a constant P. When N is 
constant, if we increase T (and thus increase P) the reorientational response will decrease, because 
of the increased collision rate, although this is a relatively small effect. However, when we have a 
constant P, if we increase T (and thus decrease N) both the bound-electronic response and the 
reorientational response decrease, which results in a much larger overall change to 𝑛2,𝑒𝑓𝑓.  
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Figure 4-26: Effects of temperature changes keeping the number density (𝑁) constant:  
Response function is shown in the inset of the figure and  𝑛2,𝑒𝑓𝑓 for 𝑇 = 173 K, 𝑃 = 0.59 atm 
(blue solid line), 𝑇 = 293 K, 𝑃 = 1.00 atm (green dashed line), and 𝑇 = 373 K, 𝑃 = 1.27 atm 
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Figure 4-27: Effects of temperature changes keeping the Pressure (𝑃 ) constant:  
Response function is shown in the inset of the figure and  𝑛2,𝑒𝑓𝑓 for 𝑇 = 233 K, 𝑁 =
3.15e25 1/m3 atm (blue solid line), 𝑇 = 279 K, 𝑃 = 2.69e25 1/m3 (yellow dashed line), 𝑇 =
293 K, 𝑃 = 2.51e25 1/m3 (green dotted line), and 𝑇 = 313 K, 𝑃 = 2.35e25 1/m3 (red dashed 
line) 
Finally, we analyzed the change of 𝑛2,𝑒𝑓𝑓 for different altitudes in the atmosphere: sea 
level, troposphere (10 km altitude), lower stratosphere (20 km altitude) and upper stratosphere (25 
km altitude). This prediction is based on the NASA earth atmospheric model [96]. We note that 
this includes the effects of different temperatures and different pressures. Changes to the relative 
concentrations of the primary air constituents for these altitudes is inconsequential. Here, sea level 
corresponds to the NTP condition. 
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Figure 4-28: 𝑛2,𝑒𝑓𝑓 of air in logarithmic scale at sea level in blue dash line (0 km altitude, 
P = 1 atm, T = 294 K, N = 2.5× 1025𝑚−3), troposphere in green dotted line (10 km altitude, P = 
0.26 atm, T = 223.29 K, N = 0.8605× 1025𝑚−3), lower stratosphere in orange dash dotted (20 
km altitude, P = 5.53 atm, T = 216.7 K, N = 0.1849× 1025𝑚−3) and upper stratosphere in red 
solid line (25 km altitude, P = 0.05 atm, T = 216.7 K, N = 0.0102× 1025𝑚−3) [96]. 
If we look at the  𝑛2,𝑒𝑓𝑓 changes for different altitudes in the atmosphere plotted on a log 
scale in Figure 4-28, we see the overall lowering of the nonlinear index at higher altitudes from 
the decreased density, but the changes to the peak are masked on this log scale; Below I am also 
showing the linear scale of the same figure to show the changes of the peak better. The peak 
moves to slightly shorter pulsewidths at higher altitudes.   The relative contribution of the 
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rotational nonlinear response increases for higher altitudes due to the lowered temperature and 
pressure.  
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Figure 4-29: 𝑛2,𝑒𝑓𝑓 of air in blue dash line in linear scale to show the effect of the 
changes in the peak at sea level (0 km altitude, P = 1 atm, T = 294 K, N = 2.5× 1025𝑚−3), 
troposphere in green dotted line (10 km altitude, P = 0.26 atm, T = 223.29 K, N = 0.8605×
1025𝑚−3), lower stratosphere in orange dash dotted (20 km altitude, P = 5.53 atm, T = 216.7 K, 
N = 0.1849× 1025𝑚−3) and upper stratosphere in red solid line (25 km altitude, P = 0.05 atm, T 





The NLR of molecular gases originates from an almost instantaneous bound-electronic 
response and a non-instantaneous reorientational response. The reorientational response, unlike 
the bound-electronic response is dependent on the pulsewidth of the excitation beam. By using the 
density matrix formalism we can determine the reorientational response and by adding the bound-
electronic response we can calculate the effective NLR.  
Using the polarization sensitive, time-resolved Beam Deflection technique we performed 
several sets of measurements by exciting in the NIR and Mid-IR and probing in the Mid-IR spectral 
range to determine the nonlinear refraction in air.  
Since the bound-electronic response and reorientational response of NLR have different 
symmetries, these effects can be separated using different combinations of excitation and probe 
polarizations. For this reason we performed different measurements for co-polarized, cross-
polarized and magic angle polarizations. The latter polarization sees no contribution from the 
reorientational response enabling us to find an unambiguous value for NLR due to the bound-
electronic response. 
With the assumption of no dispersion of the nuclear reorientational nonlinear response [69, 
70],we obtain measurements of the nondegenerate bound-electronic nonlinear refractive index, 
𝑛2,𝑒𝑙(𝜆𝑝; 𝜆𝑒). Previous work has reported nondegenerate measurements with excitation in the 
visible to Mid-IR with probes in the visible to near-IR [25, 69, 70, 97]; however, to our knowledge, 
there are no previous measurements of near degenerate values in the mid-IR. This is most likely 
due to SNR/sensitivity issues, as measurement sensitivity scales as -1. This scaling is also true for 
beam deflection[54], but the sensitivity of BD is high, and combining this with the use of high 
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pressure and our custom-built HgCdTe quad cell, gives sufficient SNR for these measurements 
with both excitation and probe in the Mid-IR. Using the MCT detector and the BD technique we 
were able to obtain an SNR of unity for an optical path length change of 𝜆/40,000 for our 
(2.4 μm; 0.8 μm) measurements and 𝜆/10,000 for our(2.5 μm; 3.5 μm) measurements. 
Our experimental results together with our previous measurement using a NIR pump and 
visible probe[25] show no measurable dispersion for the bound-electronic response [69, 70]. We 
previously showed that the 𝑛2,𝑒𝑓𝑓 is connected to the 2-photon absorption (2PA) via Kramers-
Kronig relations in a way similar to how linear refraction is related to linear absorption [98]. 
However, in the nonlinear case, the relation is between nondegenerate nonlinearities [99]. We have 
multiple examples showing the dispersion of solids, which follows these expectations [98, 100-
102].  Similarly, the dispersion in gases should follow the same rules. The electronic resonances 
of all the major contributors to air are in the ultraviolet. Thus the dispersion of 𝑛2,𝑒𝑙(𝜆1, 𝜆2) in the 
Mid-IR should be small as our measurements confirm. 
Here we also present a prediction using Equation (4-24). for the effective NLR in air in the 
Mid-IR for different pulsewidths. Our calculations show that the effective NLR is pulsewidth 
independent for pulsewidths less than 10 fs. For increasing pulsewidths the effective NLR 
increases to a maximum at around ~0.5 ps. After a small downturn, further increases in pulsewidth 
have no effect, i.e. a pulsewidth independent NLR. We attribute the unusual shape of the effective 
NLR around 0.5 ps pulsewidth to the oscillatory shape of the response function having a negative 
component for certain times.  We also checked the effect of increasing the pressure of the gas on 
the 𝑛2,𝑒𝑓𝑓. Our results show that increasing the number density of gas molecules, suppresses the 
small maximum around 0.5ps which is consistent with what we observe in liquids which show no 
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peak [26, 88].  We also make the technologically important observation that the pulsewidth 





CHAPTER 5: NONLINEAR OPTICAL PROPERTIES OF 
ORGANOMETALLIC COMPLEXES  
Organometallic complexes especially the new iridium complexes with a broad variety of 
the linear and  nonlinear optical properties[103-107] are used for many applications such as organic 
optoelectronics,[108, 109] bio-imaging,[110, 111] time-resolved luminescence sensing,[112] 
nonlinear optics,[113] singlet oxygen generation,[114] etc. Using the heavy iridium atom in center 
of organic complexes induces strong spin-orbit coupling which results in increase intersystem 
crossing (ISC) rates and higher phosphorescence[108, 115] and significant metal-ligand electronic 
interactions.[104, 116, 117]. Up to now, Ir(III)-complexes remain the most efficient room 
temperature phosphorescence emitters [118, 119] with relatively short lifetimes of the lowest 
excited triplet electronic states (~ 1-10 µs)[117, 120] and tunable color [121, 122]. The effect of 
color tuning can be realized by choosing the appropriate ligand system [123, 124], and specific 
processes in the ligand structure [121, 125]. The nature of excited state absorption (ESA) and fast 
relaxation processes in the excited states have been investigated for various types of metal-ligand 
structures [126-129], including polymer-based tris(2-phenylpyridine)iridium complexes,[130] 
iridium-silicon bonded complexes,[131] bis(1,5-cyclooctadiene)bis(µ-pyrazolyl)diiri-dium(I) 
[132], cationic Ir(III)+ complexes [133-135], etc. It is interesting to mention that the characteristic 
times of singlet to triplet (ST) transitions in Ir(III)-complexes can be in the range of ~ 100 fs 
[105, 128], and high quantum yields of singlet to triplet conversion can be observed at room 
temperature [105, 120, 136], that creates promising applications in OLEDs [121, 137] and in a 
number of nonlinear optical areas [107, 138]. The specific metal-to-ligand electronic interactions 
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can also be used to increase two-photon absorption (2PA) cross sections of ligands[113] and 
improve efficiency of their nonlinear optical processes [139], The photochemical stability of 
iridium complexes is scarcely addressed in the scientific literature and was mainly investigated by 
relative methods[140-142] where photoinduced temporal changes in the absorption or 
photoluminescence intensity were analyzed without determination of the quantitative molecular 
parameters, such as photodecomposition quantum yield [143]. 
Here we present comprehensive photophysical and nonlinear optical investigations of new Ir(III)-
complexes in solvents of different polarity at room temperature. The main linear spectroscopic, 
photochemical and nonlinear optical parameters are obtained, including excitation anisotropy 
spectra, photodecomposition quantum yields, characteristic time constants of fast relaxation 
processes in the excited states, ESA and 2PA spectra, etc. The nature of the excited state potential 
surfaces of these Ir(III)-complexes is revealed. The results indicate potential of these new 
compounds for applications in several practical areas, including organic photovoltaics, nonlinear 
optics, photodynamic therapy, different sensing techniques, etc. 
The steady state linear photophysical and time-resolved spectral properties of these 
complexes were investigated in air-saturated spectroscopic grade toluene (TOL) solutions at room 
temperature in order to reveal the their electronic structures and estimate the efficiency of singlet-
triplet conversion processes. The steady state linear absorption and photoluminescence spectra 
along with the emission decay curves were also measured. A comprehensive time-resolved 
spectroscopic analysis of these complexes revealed their room temperature phosphorescence (long 
component in the emission decay) observed simultaneously with the fluorescence emission (short 
decay component) for two of the samples.  This dual-component luminescence decay can be 
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explained by the specific double-minimum exited state electronic potential surface model with 
relatively fast population of the triplet state. The femtosecond single pump-probe transient 
absorption spectroscopy measurements were performed in TOL and the characteristic time of the 
fast triplet population was determined as  1-2 ps. A comprehensive comparison of the linear 
steady state absorption and corresponding excitation spectra allows to conclude that the quantum 
yield of singlet-triplet conversion, ST , depends on the excitation wavelength, ex , and decreases 
in the short spectral range ( ex  
 450 nm). All observed spectroscopic properties can be described 
by the simplified 6-level electronic model presented. In this work we measured linear and 
nonlinear properties of seven organometallic samples in liquid form.  
We measured seven organo-metal complexes: [Ir(pbt)2(dbm)] (1), [Ir(pbt)2(dmac)] (2), and 
[Ir(pbt)2(minc)] (3) [(Ir(ppyNO2)2(acac)]RMO-B-075 (4), [Ir(piq)2(acac)] (5) , [Ir(piq)3] (6), and 
Tris(2,2’-bipyridine) ruthenium(II) hexafluorophosphate (7). The chemical structures of the 
measured complexes are shown in    . Molecules 4,5,6 and 7 are commercially available and the 
rest were synthesized by our collaborators. We used air-saturated spectroscopic grade toluene 
(TOL) for samples 1 to 3 and tetrahydrofuran (THF) for samples 4 to 6 and acetonitrile for sample 




Figure 5-1: chemical structures of measured organometallic complexes 
5.1 Singlet and Triplet states 
According to Pauli principle in every molecular orbital only two electrons with opposing 
spin can exist. However when electron is excited to higher orbitals the electrons are not required 
to have paired spins with the ones in ground state anymore and they can change their spin direction. 
The excited electronic states with electrons with paired spins with those in the ground state are 
called singlet states. The electrons in the singlet excited state can go through a radiation-less 
transition to a lower excited state called triplet states with a flipping of their spins. This transition 
is called intersystem crossing. Depending on the nature of excited states, we have two form of 
luminescence: fluorescence and phosphorescence. Fluorescence is emission of light from singlet 
state and phosphorescence is emission of light from triplet states. Fluorescence occurs rapidly 
since it the electrons have paired spins with the ground state electrons. In other words this transition 
is a spin-allowed transition. However, this is not the case for triplet states and the transition from 
it to ground state is a forbidden transition. As a result the electrons have to go through another spin 
conversion before relaxing back to the ground state. This is the reason that phosphorescence 
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lifetime is much longer than fluorescence lifetime. Phosphorescence is usually not seen in fluid 
solutions at room temperature. The reason is the existence of many deactivation processes that 
compete with emission such as quenching and non-radiative emission [46]. One important point 
is that the distinction between fluorescence and phosphorescence is not easy. Transition metal-
ligand complexes (MLCT) have mixed singlet-triplet states.  
5.2 Jablonski Diagram and Five-level electronic model 
The processes that happens during absorption and emission of light is usually shown by 
the Jablonski diagram. A typical Jablonski diagram is shown in Figure 5-2 for a five level 
electronic model. 𝑆0, 𝑆1 and 𝑆𝑛 are the ground state and excited singlet states and 𝑇1 and 𝑇𝑛 are the 
triplet excited states. The 𝜎𝑆0−1, 𝜎𝑆1−𝑁 and 𝜎𝑇1−𝑁 are the cross-sections and 𝜏𝑆1, 𝜏𝑖𝑠𝑐 and 𝜏𝑇1 are 
the fluorescence, intersystem crossing and phosphorescence lifetimes. 
 
Figure 5-2: typical five-level electronic model 
 
The relations between these emissions and absorptions obeys the rate equation. Below, we 





























































. The five level model is the simplest model that describe the 
behavior of a system with singlet and triplet states. Silicon 2, 3-naphthalocyanine bis 
(trihexylsilyloxide) known as SINC is an important complex that is used for calibrating double 
pump-probe setups. SINC is studies for a long time and its parameters are very well known [144-






Figure 5-3: Silicon 2, 3-naphthalocyanine bis (trihexylsilyloxide) known as SINC 
electronic structure 
 
5.3 Linear Properties 
Linear spectral measurements were performed at room temperature in spectroscopic grade 
toluene (TOL), dichloromethane (DCM), butyronitrile (BTN), and acetonitrile (ACN). All 
solvents were purchased from commercial suppliers and used without further purification. The 
steady-state linear one-photon absorption (1PA) spectra of samples were measured using a Varian 
CARY-500 spectrophotometer and 10 mm path length quartz cuvettes with solute concentrations 
C ~10-4-10-5 M. The steady-state photoluminescence (PL), excitation, and excitation anisotropy 
spectra, along with the values of emission lifetimes were obtained in dilute solutions (C ~10-6 M) 
using spectrofluorimeter FLS980 (Edinburgh Instruments Ltd.) and spectrofluorometric quartz 
cuvettes with 10 mm path length. All PL spectra were corrected for spectral responsivity of the 
detection system.  
The steady-state linear absorption, corrected luminescence and excitation spectra of 1-3 in 
solvents of different polarity are shown and the main photophysical and photochemical parameters 
are summarized in Table 5-1.[148-152] Linear 1PA spectra exhibited a weak dependence on 
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solvent polarity, and can be assigned to different types of electronic transitions in 1-3. The most 
intense absorption bands at  325 nm (Figure 5-5, curves 1-3),   460 nm (curves 2), and  440 
nm (curves 3) are presumably related to spin-allowed ligand-centered (LC) 1-* transitions.[105, 
116] The relatively weak absorption tail for 1 in the spectral range ~ 350-550 nm can be assigned 
to the metal-to-ligand charge transfer spin-allowed (1MLCT) transitions and extremely weak spin 
forbidden (3MLCT) transitions at  550 nm, respectively [105, 108]. The last ones are possibly 
due to a strong heavy-atom effect on the spin-orbit coupling in Ir(III)-complexes [109, 153]. It 
should be mentioned that the majority of 1MLCT transitions in 2 and 3 are spectrally overlapped 
with the longest wavelength LC transitions in dmac and minc ligands. The steady-state 
luminescence and excitation spectra of 1 were independent of excitation wavelength 𝜆𝑒𝑥, and 
observed wavelengths 𝜆𝑜𝑏𝑠, respectively. This is in contrast with samples 2 and 3, where a 
noticeable dependence of the corrected excitation spectra on 𝜆𝑜𝑏𝑠 was observed (Figure 5-5-c).  
This means that chromophore systems of different ligands in the molecular structures of 2 and 3 
emit independently and the value of the emission quantum yield, Φ𝑃𝐿is dependent on 𝜆𝑒𝑥 with a 
corresponding violation of Kasha’s rule [154]. All compounds exhibited relatively low values 
of Φ𝑃𝐿  1-3 % (see Table 5-1) .The luminescence decay curves of 1 exhibited a single exponential 
character in all solvents and can be assigned to room temperature phosphorescence emission. This 
assumption is based on the low values of the emission quantum yields of 1 (~ 1 %) that gives a 
radiative emission lifetime 𝜏𝑅 =
𝜏
Φ𝑃𝐿
~10−5 − 10−6 𝑠𝑒𝑐 which is typical for Ir(III)-complexes 
phosphorescence [119, 120]. The PL decay curves of 2 and 3 exhibit an obvious double 
exponential kinetic shape in nonpolar TOL (Figure 5-6, c) with significantly different values of 
lifetime components (Table 5-1). The short-lived components (~ 1 ns) can be assigned to 
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fluorescence emission of 2 and 3 in nonpolar media related to spin-allowed radiative transitions 
from 1LC and/or 1MLCT excited states, while the longer lifetimes correspond to typical room 
temperature phosphorescence of Ir(III)-complexes from 3MLCT states [108, 155]. In order to 
explain the nature of the observed spectroscopic properties of complexes 2 and 3 in nonpolar TOL, 
an electronic model with a double minimum excited-state potential energy surface is proposed, as 
depicted in Figure 5-4. [148-152] 
 
Figure 5-4: Qualitative model representation of the potential energy diagram of the 
ground and excited electronic states for Ir(III)-complexes 2 and 3 in nonpolar medium (𝜏𝐹𝐿and 
𝜏𝑃ℎ are the fluorescence and phosphorescence lifetimes, respectively). 
 
According to the model presented, the relative population of these two separate minima of the 
potential surfaces is a function of the excitation wavelength, 𝜆𝑒𝑥, and, therefore, results in a 
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noticeable dependence of PL spectra of 2 and 3 on 𝜆𝑒𝑥 with corresponding dependences Φ𝑃𝐿(𝜆𝑒𝑥). 
In contrast, the shape of PL spectra of 1 was independent of 𝜆𝑒𝑥, but the value of its Φ𝑃𝐿 exhibits 
a noticeable decrease in the short wavelength spectral range as evidence of separate ligand 
absorption without phosphorescence emission. 
 
Figure 5-5: (a) Normalized steady-state 1PA (1-3) and PL (1’-3’) spectra of 1 (1, 1’), 2 (2, 
2’), and 3 (3, 3’) in TOL. (b) same as (a) in DCM.  (c) Normalized excitation (2, 3) and 1PA (1) 
spectra of 2 in TOL with 𝜆𝑜𝑏𝑠= 620 nm (2) and 550 nm (3). (d) Normalized excitation (2) and 1PA 




Figure 5-6: (a), (b) and (c) show PL decay kinetics of samples 1, 2 and 3 in TOL 
respectively (curves 1 show the instrument response function).  For 1 curve 2 is for 𝜆𝑜𝑏𝑠= 600 nm. 
For 2 curve 2 is for 𝜆𝑜𝑏𝑠= 525 nm, and curve 3 for 𝜆𝑜𝑏𝑠= 630 nm. For 3 curve 2 is for 𝜆𝑜𝑏𝑠= 550 
nm, and curve 3 for 𝜆𝑜𝑏𝑠= 620 nm.  (d), (e) and (f) show excitation anisotropy spectra in SiO at 
room temperature of 1, 2 and 3, respectively. For 1, curve 2 is for 𝜆𝑜𝑏𝑠 = 620 nm, for 2, curve 2 is 
for 𝜆𝑜𝑏𝑠 =510 nm, curve 3 for 620 nm, and for 3, curve 2 is for 𝜆𝑜𝑏𝑠= 620 nm.  The normalized 
1PA spectra in (d)-(f) are labeled 1. 
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Table 5-1: Main photo-physical parameters of 1-3 in solvents with different polarity: 
absorption maxima 𝜆𝑎𝑏
𝑚𝑎𝑥, and luminescence maxima 𝜆𝑃𝐿
𝑚𝑎𝑥, maximum extinction 
coefficients 𝜀𝑚𝑎𝑥, PL quantum yields Φ𝑃𝐿, lifetimes 𝜏. For b: 𝜆𝑒𝑥 = 373 𝑛𝑚, c: Normalized 
amplitudes of the corresponding lifetime components. For d 𝜆𝑜𝑏𝑠= 600 nm; for e: 𝜆𝑜𝑏𝑠 = 525𝑛𝑚; 
for f: 𝜆𝑜𝑏𝑠 = 630𝑛𝑚; for g: 𝜆𝑜𝑏𝑠 = 640𝑛𝑚 ;for h: 𝜆𝑜𝑏𝑠 = 550𝑛𝑚; for I 𝜆𝑜𝑏𝑠 = 620𝑛𝑚 
 ; for 
j: 𝜆𝑜𝑏𝑠 = 540𝑛𝑚
. For k: 𝜆𝑒𝑥 = 405𝑛𝑚 and laser irradiance  300 mW/cm
2. [148-152] 






































































































































The steady-state excitation anisotropy spectra of 1-3 obtained at room temperature in 
viscous nonpolar SiO are presented in Figure 5-6-f. As follows from these data, the excitation 
anisotropy is close to zero for the relatively long phosphorescence emission of 1 and reveals some 
positive values )(r ~ 0.15-0.25 for 2 in the main absorption band due to a fast fluorescence 
component in the PL spectrum and to small angles ( 30-40) between the absorption and 
fluorescence emission transition dipoles. In contrast, complex 3 exhibits negative values of 
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anisotropy related to a large angle  54.7 between the absorption and emission dipoles. This can 
be explained by sufficiently different molecular geometries in the ground and excited electronic 
states. That is also consistent with the different shapes and spectral positions of the corresponding 
PL spectra in nonpolar solvents (Figure 5-5-a).  
We carefully considered the question of whether a small impurity (or photodecomposition product) 
with large fluorescence yield could explain some of the double-exponential photoemission data, 
e.g., the double band PL spectrum of 2 in TOL (Figure 5-5-a, curve 2’) might be explained by 
separate dmac ligands and /or possible photochemical products with fluorescence maximum at ~ 
520 nm. Although such impurities could affect the shape of PL of 2 in TOL, they cannot explain 
all of the experimental data including transient absorption spectra (see corresponding section 
below).  Given the close spectral shapes of, for example, the free ligands with the [Ir(pbt)2(dmac)] 
spectrum, spectral measurements cannot completely rule this out.  However, transient absorption 
data strongly support our proposed double minimum excited-state potential energy surface for 2 
and 3, and all experimental data is in a good agreement with this model’s predictions. 
5.4 2PA Cross-Section and fs Pump-Probe Transient Absorption 
The nonlinear optical properties of 1-3 were investigated with a femtosecond laser system. 
A commercial Ti:sapphire chirped-pulse-amplified Legend Duo+ (Coherent, Inc.) producing a 
pulsed laser beam with 1 kHz repetition rate (output wavelength 800 nm, pulse energy, E 12 mJ, 
pulse duration, 𝜏 40 fs) was split in two parts for Z-scan[156] and pump-probe[157, 158] 
experimental setups. The first beam pumped an optical parametric amplifier (OPA) HE-TOPAS 
(Light Conversion, Inc.) with a tuning range of 1100 - 2600 nm and output pulse energy up to  2 
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mJ. The OPA output was filtered by multiple spike filters (FWHM  10 nm; output pulse duration; 
𝜏 100 fs, 𝐸 40 µJ) and used for 2PA cross section measurements by the Z-scan technique over 
a broad spectral range. The second beam was also split in two parts for transient absorption pump-
probe measurements. The first part was doubled by a 1 mm thick BBO crystal, and used as a pump 
beam (excitation wavelength, 𝜆𝑒𝑥= 400 nm). The second part was focused in a 1 cm path length 
quartz cell with water to produce a white light continuum as a probe beam. The optical delay line 
and multiple 10 nm (FWHM) spike filters were also used in these pump-probe measurements with 
time resolution of ~ 300 fs. The sample solutions were placed in a 1 mm quartz flow cell to avoid 




Figure 5-7: Degenerate 2PA (1) and normalized 1PA (2) spectra of 1 (a), 2 (b), and 3 (c) 
in TOL. [148] 
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5.5 Single Pump-Probe Results 
The nature of the fast relaxation processes in the ground and excited electronic states of 1-
3 were investigated in TOL solution at room temperature by the femtosecond transient absorption 
pump-probe technique [158, 159]. Sample solutions with maximum optical density OD 0.7-0.8 
were pumped at 𝜆𝑒𝑥 = 400 nm (E 2 µJ), beam waist w0  0.4 mm (HW1/e
2M) and the value of 
the induced change in optical densityΔ𝐷, was measured by a weak probe pulse (focused to w0  
0.1 mm) as a function of temporal delay 𝜏𝐷, between pump and probe pulses. Typical dependences 
of Δ𝐷(𝜏𝐷) for different probing wavelengths𝜆𝑝, are shown in Figure 5-8. As follows from the 
transient absorption curves Δ𝐷(𝜏𝐷), the absolute values of Δ𝐷 were positive for the majority of 
probing wavelengths except for a weak saturable absorption, SA (negative Δ𝐷) near 𝜆𝑝 480 nm 
for 2 and in the spectral range ~ 460-500 nm for 3. The ultrafast relaxation processes in 1 (assumed 
to be related to ESA) were completed in less than 1 ps after excitation (Figure 5-8-a) without any 
obvious role of solvatochromic phenomena typically observed on the time scale of 1-10 ps.[158, 
160] In contrast, complexes 2 and 3 exhibit a slightly longer lasting fast relaxation (Figure 5-8, c) 
which can be related to possible solvatochromic effects. Taking into account the PL kinetic curves 
in Figure 5-6-c and the relatively small Δ𝐷 on the time scale of ~ 1 ns (Figure 5-8, top curves), it 
can be assumed that the long-lived signals belong to triplet-triplet absorption. This implies 
extremely fast population (~ 500 fs) of the triplet electronic states of 1 and  2 ps for 2 and 3 in 
TOL. It should be mentioned that the ultrafast triplet state population of Ir-complexes was 
observed previously for known compounds, such as Ir(ppy)3, Ir(DBQ)2(acac), and Ir(MDQ)2(acac) 
in BTN [105], Ir(piq)3 in tetrahydrofuran [128], etc. The time-resolved pump-probe absorption 
spectra of 1-3, reconstructed from the experimental dependences Δ𝐷(𝜏𝐷)  in a broad spectral range 
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of 𝜆𝑝, are presented in Figure 5-9. As follows from these data, the shape of the time-resolved 
absorption spectra of 1-3 in TOL remains nearly the same in the PL spectral range (𝜆𝑝 580 nm), 
and can be assigned to triplet- triplet absorption. At the same time, the nature of the ultrafast 
changes in the first 5 ps for 𝜆𝑝 580 nm, in addition to triplet-triplet absorption, also includes the 
effects of SA and ESA between the excited 1LC and/or 1MLCT vibronic states (Figure 6a, 𝜆𝑝= 480 
nm; 6b, 520 nm; 6c, 500 nm, 520 nm). 
We mentioned earlier that a strongly fluorescing impurity in the same spectral region as 
these molecules could be an alternate interpretation of the dual luminescence. However, we have 
shown that molecules 2 and 3 also exhibit two temporal components of their transient absorption. 
The concentration of an impurity would have to be so low that the changes in transmission 
measured in these experiments would be impossible. Additionally, the temporal dependence of 




Figure 5-8: Typical dependences Δ𝐷(𝜏𝐷) for 1 (a), 2 (b), and 3 (c) in TOL (𝜆𝑒𝑥= 400 nm): 
picosecond (top) and femtosecond (bottom) temporal resolution. Corresponding probing 
wavelengths 𝜆𝑝, are indicated on the top 
480 nm 500 nm 550 nm 620 nm
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Figure 5-9: (a), (b) and (c) show spectral dependences Δ𝐷(𝜆𝑝) for samples 1, 2 and 3 in 
TOL respectively for different time delays𝜏𝐷: curves 1 are for 0.3 ps delay, curves 2 for 0.8 ps, 






5.6 Double Pump-Probe Measurements and Six-level Model 
Up to now we looked at the linear characteristics, 2PA spectra and fs transient absorption 
properties of Ir(III) complexes 1 to 3. For complex 1 we only observed phosphorescence and for 
complexes 2 and 3 we saw both the fluorescence and phosphorescence showing that they possess 
dual emission spectra with different lifetimes. We assign these simultaneous fluorescence and 
phosphorescence to = 1LC and 3MLCT electronic states, respectively. The excitation spectra of 2 
and 3 were noticeably different from the corresponding absorption spectra and a strong dependence 
on obs  was measured along with a similar dependence of their PL spectra on ex . These rather 
unusual spectroscopic observations of 2 and 3 were explained based on the dual-minima excited-
state potential surface electronic model that allows nearly independent emission channels in a 
single molecular structure.  The investigation of the ultrafast dynamic processes in the ground and 
excited states of 1-3 revealed the characteristic time scale of the triplet level population as  500 
fs for complex 1 and ~ 2 ps for 2 and 3 in nonpolar TOL at room temperature.  
For complexes 2 and 3 that show simultaneous fluorescence and phosphorescence it is 
obvious that we cannot have a singlet to triple quantum yield (Φ𝑆𝑇) of unity. For sample 1 however 
we cannot say anything. For numerically measure the Φ𝑆𝑇, we need to look at the excited state 
absorption.  
Using the conventional pump-probe experiment however would not be useful. For the molecules 
with triplet state, alongside the amount of charge transfer from singlet to triplet state, the change 
in the triplet transient absorption is also dependent on the triplet cross section. As a result, the 
nonlinear transient absorption seen in a conventional pump-probe experiment is a combined effect 
of both of these parameters. For decoupling triplet quantum yield, 𝜙𝑆𝑇, and triplet cross-
109 
 
section, 𝜎𝑇, values from each other Swatton et al. [161] suggested adding another pump to the 
conventional pump-probe technique. In the case of double pump-probe method, the first pump, 
populates the triplet state through the intersystem crossing of population absorbed by singlet 
excited state [53]. The resulted change in absorption will have a short and a long lifetime due to 
singlet and triplet states, respectively. By adding a second pump, the probe experiences a system 
with different population distribution. By measuring the induced change in absorption by both 
pumps and modeling the system with an appropriate electronic model, we can decouple 𝜙𝑆𝑇 and 𝜎𝑇 
values. Figure 5-10 and Figure 5-11shows the schematics of the double-pump probe experiment. 
Pico- and femtosecond laser systems were used for DPP transient absorption measurements 
and the corresponding experimental setups are presented inFigure 5-10 and Figure 5-11. In the 
beginning we started with ps measurements but since the dynamics of these molecules were very 
fast we decided to perform fs measurements too. The laser beam of the second harmonic of a 
Nd:YAG laser system, PL-2143 (EKSPLA Co.) with a wavelength of 532 nm, pulse duration, 𝜏𝑃≈ 
29 ps (FWHM), nearly Gaussian spatial profile, and a 10 Hz repetition rate was split in two parts 
for excitation and probe channels (Figure 5-10). The excitation  beam was also split in two nearly 
equal parts to realize double pumping: the first and second excitation pulses with energies of 9𝜇𝐽 ≤
𝐸𝑒 ≤ 43𝜇𝐽 were delayed in time relative to each other up to 6.5 ns using an optical delay line. Both 
pump pulses were focused on the sample to a waist radius W0  25043𝜇𝑚 (HW1/e2M). The energy 
of the probe pulses, 𝐸𝑝 , did not exceed 5 nJ to prevent possible nonlinear effects, and the waist 
radius of the probe beam focused on the sample was ~ 50 𝜇𝑚. In the femtosecond setup (Figure 
5-11) the output beam from a commercial Ti:sapphire chirped-pulse-amplified laser system, 
Legend Duo+ (Coherent, Inc.) with a wavelength of 800 nm, 𝐸𝑒≈ 12 mJ, 𝜏𝑃≈ 40 fs, and 1 kHz 
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repetition rate was also split in two parts. The first beam was converted to the second harmonic, 
using a 1 mm BBO crystal, and additionaly split in two parts delayed relative to each other by up 
to 1.5 ns, and used as excitation pulses with 𝐸𝑒 5 μJ ,  W0  90 m, and wavelength 𝜆𝑒 ≈ 400 nm. 
The second beam at 800 nm was focused in a quartz cell with water (1 cm path length) to generate 
white light continuum and used as a probe pulse with  W0 = 20±2 m, and wavelength, 𝜆𝑝= 550 
nm after spectral separation by a 10 nm (FWHM) band pass filter. The time resolution of the 
employed pump-probe technique was ∼ 300 fs. All presented DPP transient absorption 
measurements were performed with a 1 mm flow cell with sample solutions to avoid possible 
thermo-optical and photochemical artifacts. Additional details of the employed transient 
absorption technique can be found in refs.[162-165]. 
 





Figure 5-11: The simplified scheme of the femtosecond double pump-probe experimental 
setup 
 
Before talking about the experimental part let us first talk about the way we fit the data.  
As mentioned before for modeling the data of a system with both singlet and triplet states we start 
from the five level model shown in Figure 5-2 and the rate equation (5-1). SiNC is an example of 
a molecule that its linear and nonlinear behavior are described by a five level model.  
It should be mentioned that obtained value Φ𝑆𝑇  0.2 is in a good agreement with the 
literature data [144-147]. 
The five –level model is always the start point for fitting the data.. One very important point for 
fitting the data is to be sure that we can fit the data for different sets of energy. Using five-level 










































Figure 5-12: left: Double pump-probe transient absorption curve and corresponding fittings 
for SiNC in TOL obtained with the picosecond setup. (Pump and probe wavelengths are set to 532 
nm). Concentration 0.29mM, we1 (Excitation 1) = 236 μm(HW
1
e2⁄ M), we2(Excitation 2) =
262 μm(HW1 e2⁄ M),wp(Probe) = 37 μm(HW
1
e2⁄ M), σ01 = 2.8 e − 22 m
2, E1 = 31.2μj, 
E2 = 33.6μJ, Right: Temporal dynamics of the populations of Ground state (black), singlet (red), 
and Triplet (blue) 
 
Using five-level model we were able to fit the data for one set of energy but when we could 
not fit the data for the second set of energy showing that we need a more complicated system to 





Figure 5-13: Up: The DPP measurement and numerical fit for two set of energy, bottom: 
population dynamics for ground state (black), Singlet (red), Triplet (light green) 
The next easiest model after five-level model is the six-level model. Figure 5-14 shows the 
proposed six level model, with an intermediate short lifetime level (S’) which through it the 




Figure 5-14: proposed six-level model 
 
𝑁𝑆0, 𝑁𝑆′, 𝑁𝑆1 and 𝑁𝑇1 are the populations of the corresponding electronic levels; 𝐼𝑃 is the 
probe intensity; 𝜎𝑆0−𝑆′, 𝜎𝑆1−𝑁, 𝜎𝑇1−𝑁 and 𝜎𝑆0−𝑁  are the corresponding cross sections of the probe 
and pump beam, respectively; 𝐼𝑒1 and 𝐼𝑒2 are the first and second pump beam intensities. We 
assume that all lifetimes of the higher excited electronic states (Sn and Tn) are short enough that 
their populations are negligible. We further assume that the pump intensities cannot be depleted 
due to additional excited state absorption (ESA) processes at the pump wavelength. It should be 
mentioned that the main difficulty was to obtain acceptable fits for two pairs of pump energies 
simultaneously using the same set of fitting parameters. In contrast to the previous standard 5-level 
model shown in Figure 1 (see refs [162, 163, 165, 166]). We introduce the possibility of internal 
conversion processes, (S’ to S0) with rate KNR, which allows us to obtain higher quality fittings 
for the majority of the experimental results. Additionally, this model easily allows the 
simultaneous observation of fluorescence and phosphorescence.  The equation blow is the rate 
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(5-3) 
We also define the singlet-triplet quantum yield as: 
ΦST =
K ST




In fitting the DPP data for the nondegenerate experiments, we found that the fits were valid 
for a wide range of values of σS1−N(λe) and σT1−N(λe) in the equations describing the spatial 
derivative of the excitation irradiance.  Elimination of these terms didn’t substantially change the 
fits. This was also true in the case of the degenerate experiments, but here we know the values. 
Therefore, in Table 5-2 we do not list the values of these cross sections for the excitation 
wavelength. 
For the compounds with small triplet quantum yields, the accuracy of fitting triplet cross-
section and triplet yield is rather poor as shown in table 1. In these compounds the population of 
triplet channel is small and a considerable change in the triplet cross section and yield results in a 
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small change in the actual fit. On the other hand, for large triplet yield, the fitting errors are 
significantly reduced. 
Table 5-2: Fitted values for all measured samples. Values of cross sections should all be 
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Transient absorption picosecond DPP curves for 1 in TOL are shown in Figure 5 for two pairs of 
excitation energies, along with the corresponding calculated kinetic changes in the populations of 
𝑆0, 𝑆1, and T1 electronic states. The pulse fluence is defined as 𝐹(𝑟) = ∫ 𝐼(𝑟, 𝑡)𝑑𝑡
∞
−∞
  and here we 
quote on axis (r=0) fluences.  As follows from these data, the best fit using the 6-level model of 
two independent experimental curves was obtained for the same data set of fitting parameters and  
𝜙𝑆𝑇 = 0.7. The transient absorption DPP curve obtained for 1 in TOL with the femtosecond 
technique is presented in Figure 6 and the best fit corresponded to the value of 𝜙𝑆𝑇 = 0.5.  
Figure 5-15: (a) DPP transient absorption curve (circles) and corresponding fit (solid line) 
for SiNc in TOL obtained with the picosecond setup: 𝜆𝑒 = 𝜆𝑝= 532 nm; C  2.9 ×10
-4 M; 𝐸𝑒1= 
31 J,
 
𝐸𝑒2= 34J; 𝐹1 = 34 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 30.3 𝑚𝐽/𝑐𝑚
2 (b) DPP transient absorption curve and 
corresponding fitting for SiNc in TOL obtained with the femtosecond setup: 𝜆𝑒= 400 nm; 𝜆𝑝= 550 
nm; C  4.510-5 M; 𝐸𝑒1= 3.5 J, 𝐸𝑒1= 4.5 J ; 𝐹1 = 29.6 𝑚𝐽/𝑐𝑚





Figure 5-16: (a), (b) Picosecond transient absorption DPP curves (circles) and corresponding fits 
(solid lines) for 1 in TOL:  𝜆𝑒 = 𝜆𝑝= 532 nm; C  2.9×10
-4 M; for (a) 𝐸𝑒1 = 31 J, 𝐸𝑒2= 32 
J; 𝐹1 = 34 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 28.5 𝑚𝐽/𝑐𝑚
2 for (b) 𝐸𝑒1 = 25 J, 𝐸𝑒2= 26 J; 𝐹1 = 27.4 𝑚𝐽/𝑐𝑚
2, 
𝐹2 = 23.1 𝑚𝐽/𝑐𝑚
2 (c), (d) Calculated kinetic changes in the populations of S0 (1), S1 (2), and T1 
(3) electronic states for the fitting data in (a) and (b), respectively.   
This decrease in 𝜙𝑆𝑇 (relative to the picosecond data) can be explained by the spectral 
dependence of 𝜙𝑆𝑇 on excitation wavelength, as follows from a comparison of the steady-state 
absorption and excitation spectra. The value of the PL quantum yield of 1 in air-saturated TOL is 
relatively low (~ 0.013[167]) and we did not detect its fluorescence emission; therefore, the 
observed nanosecond relaxation in the transient absorption DPP curves can be related to the ESA 
processes from the singlet 1LC  electronic levels. This is a possible explanation of why we observe 
nanosecond relaxation in DPP transient absorption for 1, while we did not observe its fluorescence 
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emission from the 1LC state: i.e. after excitation, about ~ 40 % of the molecules can go to 1LC, 
and in the case of low fluorescence quantum yield from 1LC (for example, less than ~5%) we will 
observe no fluorescence, but ESA from the 1LC state will still be observed. 
 
Figure 5-17: (a) Femtosecond transient absorption DPP curve (circles) and corresponding 
fit (solid line) for 1 in TOL: 𝜆𝑒 = 400 nm, 𝜆𝑝550 nm; C  1.4×10
-4 M; 𝐸𝑒1 = 4.9 J, 𝐸𝑒2= 2.6 
J: 𝐹1 = 41.4 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 17.6 𝑚𝐽/𝑐𝑚
2  (b) Calculated kinetic changes in the populations of 
S0 (1), S1 (2), and T1 (3) electronic states for the corresponding fitting data in (a). 
In contrast to 1, complexes 2 and 3 exhibited dual-luminescence emission with independent 
fluorescence channels separated from the 3MLCT triplet system. The experimental DPP transient 
absorption curves for 2, corresponding fittings, and calculated temporal dependences of S0, S1 and 
T1 state populations are presented in Figure 5-18(picosecond excitation) and Figure 5-19 
(femtosecond excitation). As follows from the fitting analysis, the best fits corresponded to values 
of 𝜙𝑆𝑇 = 0.7 and 0.55 for pico- and femtosecond excitation, respectively. This difference is 
consistent with the corresponding deviation between the steady-state absorption and excitation 
spectra of 2, i.e., the relation between quantum yield values obtained for pico- and femtosecond 
excitation  0.7/0.55 is nearly equal to the ratio of the absorption and excitation values (at 400 nm), 
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i.e.   0.6/0.45 in TOL (Figure 5-5-b,c) for the different excitation and probe wavelengths used. 
The sharp peaks in the temporal dependences of the ground-state populations is evidence of the 
fast femtosecond relaxation of S’  S0. Also, these sharp peaks are not reflected in the transient 
absorption DPP experimental curves due to the relatively small absorption cross section of the 
probe beam at 550 nm (i.e. for ground state absorption). 
 
 
Figure 5-18: (a), (b), (c) Picosecond transient absorption DPP curves (circles) and 
corresponding fits (solid lines) for 2 in TOL:  𝜆𝑒 = 𝜆𝑝= 532 nm; C  3.7×10
-4 M; for (a) 1eE  = 9.3 
J,
 2e
E  = 11 J; 𝐹1 = 10.2 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 9.8 𝑚𝐽/𝑐𝑚
2;for (b) 𝐸𝑒1 = 14 J, 𝐸𝑒2= 15 J; 𝐹1 =
15.4 𝑚𝐽/𝑐𝑚2, 𝐹2 = 13.3 𝑚𝐽/𝑐𝑚
2 for (c) 𝐸𝑒1 = 20 J, 𝐸𝑒2= 21 J; 𝐹1 = 22 𝑚𝐽/𝑐𝑚
2, 𝐹2 =
18.7 𝑚𝐽/𝑐𝑚2  (d), (e), (f) Calculated kinetic changes in the populations of S0 (1), S1 (2), and T1 




Figure 5-19: (a), (b) Femtosecond transient absorption DPP curves (circles) and 
corresponding fits (solid lines) for 2 in TOL: 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm; C  5.6×10
-5 M; for (a) 𝐸𝑒1 
= 1.0 J,
 
𝐸𝑒2= 0.52 J; 𝐹1 = 8.4 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 3.5 𝑚𝐽/𝑐𝑚
2  for (b) 𝐸𝑒1 = 2.1 J, 𝐸𝑒2= 1.2 J; 
𝐹1 = 17.7𝑚𝐽/𝑐𝑚
2, 𝐹2 = 8.1 𝑚𝐽/𝑐𝑚
2 (c), (d) Calculated kinetic changes in the populations of S0 
(1), S1 (2), and T1 (3) electronic states for the fitting data in (a) and (b), respectively. 
 
The experimental transient absorption DPP curves for compound 3 in TOL and the calculated 
fitting dependences are presented in Figure 5-20 and Figure 5-21 for pico- and femtosecond 
excitation, respectively. The best fits were obtained for the values of 𝜙𝑆𝑇 = 0.8 and 0.49 for pico- 
and femtosecond experimental technique, respectively. This behavior is also seen for compound 2 
and both can be explained by the spectral dependence of 𝜙𝑆𝑇 on the excitation wavelength. It is 
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important to emphasize that for the relatively complicated compounds 2 and 3, it was impossible 
to fit femtosecond DPP curves for two pairs of energies simultaneously using the 6-level without 
adding fast non-radiative S’ to S0 transitions of rate KNR. 
 
Figure 5-20: (a), (b), (c) Picosecond transient absorption DPP curves (circles) and 
corresponding fits (solid lines) for 3 in TOL: 𝜆𝑒 = 𝜆𝑝= 532 nm; C  2.6×10
-4 M; for (a) 𝐸𝑒1 = 23 
J, 𝐸𝑒2= 24 J; 𝐹1 = 25.2 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 21.4 𝑚𝐽/𝑐𝑚
2for (b) 𝐸𝑒1 = 34 J, 𝐸𝑒2= 35 J; 𝐹1 =
37.3 𝑚𝐽/𝑐𝑚2, 𝐹2 = 31.2𝑚𝐽/𝑐𝑚
2 for (c) 1eE  = 41 J, 𝐸𝑒2= 43 J; 𝐹1 = 45 𝑚𝐽/𝑐𝑚
2, 𝐹2 =
38.3 𝑚𝐽/𝑐𝑚2  (e), (f) Calculated kinetic changes in the populations of S0 (1), S1 (2), and T1 (3) 




Figure 5-21: (a), (b) Femtosecond transient absorption DPP curves (circles) and 
corresponding fits (solid lines) for 3 in TOL: 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm; C  3×10
-5 M; 
σS0-N(550nm) for (a) 𝐸𝑒1 = 2.1 J, 𝐸𝑒2= 1.2 J; 𝐹1 = 17.8 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 8.1 𝑚𝐽/𝑐𝑚
2for (b) 𝐸𝑒1 
= 0.75 J, 𝐸𝑒2= 0.52 J; 𝐹1 = 6.3 𝑚𝐽/𝑐𝑚
2, 𝐹2 = 3.5 𝑚𝐽/𝑐𝑚
2: (c), (d) Calculated kinetic changes 
in the populations of S0 (1), S1 (2), and T1 (3) electronic states for the fitting data in (a) and (b), 
respectively. 
 
Also, the possibility to fit picosecond experimental DPP curves for different pairs of 
energies with the same set of molecular parameters confirms the reliability of the employed 
methodology and the newly proposed model. We note that some old experimental data used for 
the determination of 𝜙𝑆𝑇  are not of sufficiently high accuracy (i.e. ~ 20-30%)[168] to conclude 
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unity triplet yield. Our results reveal the pathways of possible electronic relaxation in Ir(III) 
complexes and confirm the possibility of 𝜙𝑆𝑇  1 for specific structures at room temperature. 
 Our experimental data for sample 1 to 3 confirm known results of extremely fast triplet 
population (~ 10-12 s) in Ir-complexes, but, in spite of the commonly used statement about the near 
unity singlet-triplet conversion quantum yield, we find that the value of A comprehensive 
investigation of the nature of singlet-triplet conversion processes in Ir-complexes was performed 
based on the linear photophysical and transient absorption spectroscopic measurements using the 
Double Pump Probe pico- and femtosecond transient absorption technique. Our experimental data 
confirm known results of extremely fast triplet population (~ 10-12 s) in Ir-complexes, but, in spite 
of the commonly used statement about the near unity singlet-triplet conversion quantum yield, we 
find that the value of  is less than 1 and depends on the excitation wavelength. We have developed 
a new model that gives both the quantum yield 𝜙𝑆𝑇 and the triplet excited-state absorption cross 
section from the obtained DPP experimental data. This new model gives the same values of 𝜙𝑆𝑇 
and triplet-triplet cross sections for multiple input energies of both picosecond and femtosecond 
excitation. The fitting error depends significantly on the beam stability. In the case of fs data where 
the experiment was non-degenerate, we could use lock-in detection to reduce the error on 
decoupling 𝜎𝑇1−𝑁 and𝜙𝑆𝑇. This results in not more than 15% uncertainties; however for the 
picosecond data this number goes up to 25%. The agreement of the model predictions with our 
experiments gives us confidence that the general simplifications this model makes are realistic. 
Our presented results give us important new physical insights into the nature of the optical 
responses of metal-organic iridium complexes and have potential for applications of 1-3 in organic 
electronics, nonlinear optics, photoluminescence sensing, etc. 
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is less than 1 and depends on the excitation wavelength. We have developed a new model that 
gives both the quantum yield 𝜙𝑆𝑇 and the triplet excited-state absorption cross section from the 
obtained DPP experimental data. This new model gives the same values of 𝜙𝑆𝑇 and triplet-triplet 
cross sections for multiple input energies of both picosecond and femtosecond excitation. The 
fitting error depends significantly on the beam stability. In the case of fs data where the experiment 
was non-degenerate, we could use lock-in detection to reduce the error on decoupling 𝜎𝑇1−𝑁 and 
𝜙𝑆𝑇 This results in not more than 15% uncertainties; however for the picosecond data this number 
goes up to 25%. The agreement of the model predictions with our experiments gives us confidence 
that the general simplifications this model makes are realistic. Our presented results give us 
important new physical insights into the nature of the optical responses of metal-organic iridium 
complexes and have potential for applications of 1-3 in organic electronics, nonlinear optics, 
photoluminescence sensing, etc. 
The second part of this project is looking at the excited state parameters of the sample 4 to 7. 
Sample 4 to 5 are Iridium complexes and for sample 7, Ruthenium is the center metal. For these 
four commercially available samples we only performed fs DPP with 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm. 
Let us first look at their linear properties. The linear Absorbance is measured by Carry 500 using 
1cm cuvettes (Figure 5-22). We prepared the samples in a way that the pump absorption through 
the sample is about 75%. We also measured the lifetimes of sample 4 to 7 using a PTI instrument 
using a nanosecond LED with excitation wavelength 475nm and pulsewidth of 1.2 ns. The 
lifetimes measurements result only showed one exponential decay with very long lifetime. We did 
not see any fluorescence for these three samples. The DPP results for these four samples was fitted 
using the five-level electronic model. I will also show the results for SiNC for calibrating the setup 
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for these measurements. These samples were measured at a different time and that is why we 
needed to calibrate the setup again. 
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Figure 5-22: Left: Absorbance of samples 4 to 6 in THF and sample 7 in CAN, Right: 
lifetime measurement of sample 4 to 7 using a PTI instrument. 

























































Figure 5-23: Left: Femtosecond transient absorption DPP curves (circles) and 
corresponding fits (solid lines) for 3 in TOL: 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm; C  2.9×10
-5 M; 
σS0-N(550nm) for (a) 𝐸𝑒1 = 3.4 J, 𝐸𝑒2= 1.35 J; for SiNC, Right: Calculated kinetic changes in 




The spot sizes for first and second pump are 𝑤𝑒1 = 120 𝜇𝑚(𝐻𝑊
1
𝑒2⁄ 𝑀) and 𝑤𝑒2 =




The results for sample 4 in THF with the temporal dynamics of populations of different 
states.  





























































































































Figure 5-24: Femtosecond transient absorption DPP curves (circles) and corresponding fits 
(solid lines) for 4 in TOL: 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm; C  3.6×10
-4 M; σS0-N(550nm) for (a) 𝐸𝑒1 
= 1.5 J, 𝐸𝑒2= 0.62 J, (b) 𝐸𝑒1 = 0.75 J, 𝐸𝑒2= 0.52 J; (c), (d) Calculated kinetic changes in the 




For sample 5 we measured and fit the data for three sets of energy as follows. 



















































































































































































Figure 5-25: Femtosecond transient absorption DPP curves (circles) and corresponding fits 
(solid lines) for 5 in TOL: 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm; C  1.2×10
-4 M; σS0-N(550nm) for (a) 𝐸𝑒1 
= 3.4 J, 𝐸𝑒2= 1.74 J, (b) 𝐸𝑒1 = 2.4 J, 𝐸𝑒2= 1 J; (c) 𝐸𝑒1 = 1.76 J, 𝐸𝑒2= 0.76 J (d), (e) and (f) 
Calculated kinetic changes in the populations of S0 (black), S1 (red), and T1 (blue) electronic states 
for the fitting data in (a) and (b), respectively. 
 













































































































































































Figure 5-26: Femtosecond transient absorption DPP curves (circles) and corresponding fits 
(solid lines) for 6 in TOL: 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm; C  8.5×10
-5 M; σS0-N(550nm) for (a) 𝐸𝑒1 
= 3.1 J, 𝐸𝑒2= 1.4 J, (b) 𝐸𝑒1 = 2.2 J, 𝐸𝑒2= 1 J; (c) 𝐸𝑒1 = 1.31 J, 𝐸𝑒2= 0.6 J (d), (e) and (f) 
Calculated kinetic changes in the populations of S0 (black), S1 (red), and T1 (blue) electronic states 
for the fitting data in (a) and (b), respectively. 
















































































































































































Figure 5-27: Femtosecond transient absorption DPP curves (circles) and corresponding fits 
(solid lines) for 7 in TOL: 𝜆𝑒= 400 nm, 𝜆𝑝= 550 nm; C  0.17×10
-3 M; σS0-N(550nm) for (a) 𝐸𝑒1 
= 4.7 J, 𝐸𝑒2= 2.8 J, (b) 𝐸𝑒1 = 2.3 J, 𝐸𝑒2= 1 J; (c) 𝐸𝑒1 = 1.5 J, 𝐸𝑒2= 0.6 J (d), (e) and (f) 
Calculated kinetic changes in the populations of S0 (black), S1 (red), and T1 (blue) electronic states 
for the fitting data in (a) and (b), respectively. 































CHAPTER 6: CONCLUSION AND FUTURE WORK 
In this work we discussed two major topics. First we looked at the theoretical background 
and experimental process for measuring of the nonlinear refraction. In the other project we looked 
at the linear and nonlinear properties of the organometallic complexes. 
6.1 Nonlinear refraction of air in mid-IR spectral range 
NLR in molecular gases originates from a nearly instantaneous bound electronic response 
and a non-instantaneous field induced molecular reorientation. Previously we have used the 
polarization-resolved beam deflection technique (BD) [25]to separate the bound-electronic and 
molecular-rotational components of the transient nonlinear refraction (NLR) of ambient air in the 
visible spectral range [2]. Here, we used the same technique and we explore the mid-infrared 
spectral range corresponding to a transparency window of the atmosphere. 
  The primary components of air are oxygen (O2) and nitrogen (N2) molecules and both of them 
have anisotropic polarizabilities.  Thus, an applied optical field creates a time-averaged torque that 
reorients the molecules toward the direction of the applied field, inducing a birefringence.   We 
probe this birefringence at different times after excitation and measure the transient change in 
refraction. Since the bound-electronic and reorientation contributions to the index have different 
symmetries, these effects can be separated by using several combinations of pump and probe 
polarization.  By measuring these effects at different wavelengths we can determine the dispersion 
of this nonlinear refraction.  
These reorientational nonlinearities can be calculated by recognizing that this is a rotational Raman 
contribution to the nonlinear refraction. Since we use ultrashort pulses as the excitation, the 
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bandwidth is sufficient to excite all of the Raman transitions available at thermal equilibrium. At 
thermal equilibrium molecules have a random orientation and the femtosecond excitation pulse 
gives the almost equally spaced Raman lines a specified relative phase. Molecules rotate and after 
some time, the molecules rotating at different rates periodically re-phase and result in pulsation of 
the change of refractive index called “Revivals”.  For calculating the revivals we calculate the 
ensemble average of the degree of alignment 〈𝑐𝑜𝑠2(𝜃)〉𝑡, where  is measured with respect to the 
polarization of the excitation. The molecular rotation will be suppressed during time since the 
coherence between these transitions will decay after excitation by the collision of the gas molecules 
and the centrifugal forces. However, since the collision rates are low, the revivals will live for a 
relatively long time. 
The total nonlinear refraction is the nuclear contribution plus the bound-electronic contribution. 
Because the amplitude of the rotational revival signal depends on the well-known values of Δα, 
we use them as a self-reference and measure  𝑛2,𝑒𝑙 relative to Δα. 
We did three sets of measurements two with the pump at 0.8m and probe the 2.4m and 3.3m 
[97] and the other with the pump at 3.5m and probe at 2.5m. These results together with our 
previous measurement, 0.8m pump and 0.65m probe [25] showed that we don’t have any 
measurable dispersion for 𝑛2,𝑒𝑙 in the wide range of visible to Mid-IR. Please note that in our 
analysis, we assumed the reorientational response to be dispersionless[65] . As we know the 
reorientational response unlike the bound-electronic response is pulsewidth dependence. We also 




 Previously we measured the response of 22 different solvents in liquid form[88]. We also looked 
at the nonlinearity of a polar solvent 𝐶𝑆2 [26] and compared the nonlinearities in liquid and gas 
form. For the future work, I suggest to measure the nonlinearity of a non-polar solvent in gas form. 
It would be very interesting to look at the nonpolar solvent and compare the responses in gas and 
liquid form. 
6.2 Linear and nonlinear properties of organometallic complexes 
We studied seven organometallic complexes in solution. Linear and nonlinear 
spectroscopic measurements was performed on the samples. We measured the linear absorption 
measurements using a Varian CARY-500 spectrophotometer using 10mm path-length quartz 
cuvettes. We also measured the steady state time resolved photoluminescence emission using a 
spectrofluorimeter FLS980 (Edinburgh Instruments Ltd.) in standard 10 mm spectrofluorometric 
quartz cuvettes.   
Since conventional pump-probe technique is unable to decouple the singlet-triplet quantum 
yield and triplet cross-section from each other we used the double pump probe technique. The DPP 
technique involves two strong excitation beams which induce a change in the absorption of the 
sample and a weak probe beam whose transmission is then measured. A temporal delay is added 
between the two excitation and the probe beams by means of a motorized delay stage to allow a 
temporally resolved nonlinear absorption measurement. We performed Pico- and femtosecond 
laser systems were used for DPP transient absorption measurements.  For the picosecond 
measurements we performed a degenatet measurement at 532nm. For the femtosecond 
measurements, we used the pump at 400nm and probe at 550nm. We also developed a six level 
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electronic model that can fit the DPP results for different sets of energy and pulsewidth. Our 
experimental data confirm known results of extremely fast triplet population (~ 10-12 s) in the 
complexes, but, in spite of the commonly used statement about the near unity singlet-triplet 
conversion quantum yield, we find that the value of ST  is less than 1 and depends on the 
excitation wavelength. [148-152] 
My suggestion for future work is to look at others technique like single oxygen 
measurements for the same organometallic complexes and compare the result we get for singlet-














First turn on the power switch located at bottom left hand side of the Carry 500 device. In 
the computer locate Cary WinUV folder and and double click on scan. Choose Cary 500 
and click ok. Click “Setup” from the buttons on the left 
-In “Cary” tab, change the X-mode to Nanometer (if it’s not the default) 
-Choose the longer wavelength limit as start point and the shorter one as the stop point 
- In the same tab, in “Y mode” section choose “% T” if you want to measure transmittance 
or “Abs” for measuring Absorbance (OD). 
- In the “Scan Controls” section, for high sensitivity scans, the “Ave time” should be set to 
0.5 s   
In “Options” tab, "Source-Detector” section: 
- For source changeover we usually choose the shortest wavelength 
- For detector changeover …. (chosen away from absorption features) 
- For grating changeover … (chosen away from absorption features) 
- In Baseline tab, Correction section choose baseline correction. 
Choose the right mount for your cuvette. There are different mounts for liquids with 
1mm and 1 cm thickness. Open the window in the upper face of the spectrometer and insert 
the holders in both arms. Pay attention to this point that the sample holder in both arms 
should be completely identical and use the same sample holder to the end of the experiment. 
Choose the “command” tab in the menu and choose “Goto”, choose the Zero order and click 
ok. After placing the holder check beam spot size by placing a paper, if it was not as desired 
use holders with smaller/larger holes.  
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- Slide cover back on top of spectrometer and Click “Baseline” and press ok. 
- The Baseline would have a different shape dependent on the number of holders used and the 
shape of them. 
 
Figure A-1: Base line for our selected holder. 
Choose the “command” tab in the menu and choose “Goto”. Choose “Zero order” and click 
on ok. If you want to measure a film you should make your own mount and using the zero 
order light you should adjust the height and location of the film that you want to measure. 





Figure A-2: Sample and the substrate for sample and reference arms of the 
spectrophotometers. 






















Figure A-4: Adjust the film holder height so that the beam hits the middle of the film, you 
can check this by using a paper as shown in the picture 
 
Now press the start bottom. 
For Solvents everything would be the same except: 
- We use the sample holder for solvents 
- For taking the baseline there is no need to go to zero order beam to adjust it , the beam is 
automatically adjusted in a way to hit the center of solvent in the holder 
- For taking the baseline we should place the two identical sample holders in the arms and 
we should not change them till the end of experiment 
























This Detector was the main reason that we could do our measurements in Mid-IR.  It is a 
quadrant 3𝑚𝑚 × 3𝑚𝑚 that we bought it from Infrared Systems. You can find the purchase order 
in the 2017 purchase order, bought by Munan Gao. The MCT-QUAD 4 channel preamplifier was 
specifically designed to operate with Photoconductive Mercury Cadmium Telluride detectors. The low 
noise and high gain aspects coupled with a precision constant voltage bias provide an ideal complement to 




Figure B-1:Spectral response of the MCT detector vs wavelength in microns 
 
The MCT-Quad has 4 detector inputs, labeled IN1-IN4. These are individual preamplifiers with each one 
providing a minimum gain of 50 up to a maximum gain of 1000.  The system may be operated with one 
or all inputs connected.  MCT-Quad Preamplifier was designed with 8 Outputs, 4 Preamplifier outputs 
and 4 special function outputs. The 4 Preamplifier outputs (OUT 1 – OUT 4) each contain a Trans 
impedance amplifier input stage and voltage gain output stage.  These outputs are designed to drive high 
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impedance sources.  The Outputs gains have been normalized with each other using a blackbody source, 
they are set to a gain of 100 and need not be changed.    
Channels (1-2) and (4-3) BNC outputs cannot be changed by modifying the potentiometer, because the gain 
stage is after the BNC output.  This was done to preserve the phase and stay in line with the detector phase, 
therefore BNC channel (1-2) and (4-3) only have a gain of unity.  Modifying the potentiometer will however 
effect the signal going into the (1-2) + (4-3) stage.  The gain range is 5-117.5.  It is currently set to 
5. Channels (1+2+3+4) takes the output of channels 1-4 and sums them together.  This channel BNC output 




Figure B-2: MCT amplifier inputs (IN 1, IN 2, IN 3, and IN 4) and MCT detector 
outputs. This detector gives us 4 outputs each showing the voltage on the cell one to four of the 
detector. It also shows the difference between outputs 1 and 2 and outputs 3 and 4. By assigning 




Figure B-3: The MCT detector cells and their position on the detector, so if you want to 
get top-bottom you should connect the cells 1, 4, 3, and 2 to input 1,2,3 and 4 respectively and 
read the output from (1-2)+(4-3). You can also use the combination 3,2,1,4 to inputs 1, 2, 3 and 4 
and use the same output. 
 
Here are some important point for working with the MCT detector. One very important factor 
about this detector (and any other detector) is the voltage range that the detector acts linear. My 
colleague Munan Gao did measurements on the linearity check of the detector. He used idle of 
TOPAS Prime at 2.22um to do the experiment. He used a PbSe detector(instead of Gentec power-
meter) at the reference line to have real-time measurements He used two lock-in amplifiers and a 




Figure B-4: Linearity check of the MCT detector 
 
Note that this test should be done for each of the four detectors of the MCT detector. Put the MCT 
detector on a 3D stage and check the outputs to make sure the beam is hitting just one of the cells. 
For all the air measurements I kept the voltage of the probe less than 6mv. Usually I had my probe 










Figure B-5: linearity check of the MCT detector. We are showing the voltage of MCT 
detector versus the PbSe detector for the four cells of the MCT detector together with the linear 
fit and its parameters. As you can see the intercept is not exactly zero which is due to the noise 
level of the detector. 
 
Other than the tests shown above, I show the BD signal for fused silica at different energy 
demonstrating the linear behavior of the detector 
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Figure B-6:Linearity check with BD signal from fused silica 
In addition to that, Be very careful with filling the detector with liquid Nitrogen. Try to fill it every 
five hours. After you fill the detector with liquid Nitrogen wait at least 15 minutes for it to stabilize. 
Repeatedly get “view data” on the Labview program and wait for the average value to be constant.I 
have said it before when you are calculating ∆𝐸/𝐸 you should remember that you have to divide 
the ∆𝐸 by 5 and 𝐸 by 1.25 (the difference and the sum output are amplified 5 and 1.25 times 












Here I want to mention the work of my colleague Dr. Natalia Munera for the design of the gas 
chamber. Using the chamber I could increase the pressure up to 500 psi. The pictures and the 
designs are all hers.  
 
 





Figure C-2: Design and dimensions of the ensemble chamber 
And this is the final product: 
 
 
Figure C-3: The two designed chamber both used for our measurements 
 
We used two 1inch diameter and 5mm thick sapphire windows from Miller Optics in our 
















In the air project we used the output of the 800nm beam that goes in to the HE TOPAS. I 
am talking about a power of 9Watts at the time. We faced a lot of problems when working with 
the high power 800nm beam. The most important problem was failing of the optical components 
when working with such a high power. For the mirrors we used the TLM series dielectric mirrors 
from CVI. These mirrors are designed to be used for high energy femtosecond pulses. There are 
lots of dielectric mirrors out there that they chirp the pulse but these mirrors are designed to work 
with high power fs pulses. Another tip is that when you are using a business cart to align the beam 
be careful to hold it with a distance from the optics not only for preventing the scratching of the 
optics but also for the reason that the 0.8um beam creates a fog on the mirror (because of its high 
temperature) and when you remove the card the 800nm beam hitting the mirror can easily burn the 
mirror.  
In any of our setups we need a means for changing the polarization and the energy. We usually 
use HWP and polarizers for doing this. Another difficulty we had in this experiment was using 
polarizers and half-wave plates for such a high intensity beam. The calcite polarizers (Glan-Laser 
Calcite Polarizers-10GL08) that we usually use in our setups is very thick and the 0.8um beam 
with energy above ~100uJ can create white light in it. We decided to use a polarizing beam splitter 
instead. We used th PBSW-808R from Thorlabs. After using it we understood that the polarizers 
output has circular polarization. We then bought to sets of polarizing beam-splitters from femtoline 




Figure D-1: The Polarization beam splitter used for this experiment 
 
Right alignment of the polarizer is very important. Here the polarizer should be at an angle of 56 
degrees. My suggestion is to always have a reference polarizer that its polarization is calibrated by 
a polarization-known laser beam. Then use that polarizer for all of your calibration. Now calibrate 
your HWP to be at vertical polarization. In this situation if the polarizing beam splitter is at 56 
degrees angle you only get reflectance from the PBS. Also if you have your HWP calibrated for P 
polarization you should get (theoretically) only transmittance. Here are the results of our 
measurements.  
 





Table D-1:Calibration of polarizing beam splitter from Eksma 
 
𝑬𝒊𝒏 𝑬𝑻−𝒐𝒖𝒕 𝑬𝑹−𝒐𝒖𝒕 T% R% 
PBS1 7.24 mJ , 
S-polarized 
30 uJ 7.17 mJ 0.4% 99% 
PBS2 7.24 Mj 
P-polarized 
7.01 mJ 229 uJ 96.7% 3.16% 
PBS1 6.7 mJ , 
S-polarized 
39 uJ 6.65 mJ 0.5% 99.2% 
PBS2 6.7 mJ 
P-polarized 













Getting clean data can is very important in order to have better and more exact fitting 
values. This can be more challenging when we don’t have enough energy or we have limitation in 
using higher energies. In both of the projects I had problems with this issue. In the Air project I 
could not increase the energy for 800nm pump since it will ionize the air or generate white light 
continuum. With the mid-IR pump, however, my pump energy was not enough. In this case, it is 
suggested to increase the number of scans instead of increasing the number of averaging since the 
noise in the laser beam has a long time response and it is always better to average several scans. 
Below I am showing an example for getting cleaner data.  























Another issue we had was getting clean data for the double pump-probe measurements in 
the pico-second lab. The beam coming out of the picosecond laser, had a very bad pointing 
stability. Here is one of the measurements for sample 2 (dmac) with pump at 355nm and probe at 
532nm.  




























Figure 6-2: Data with pump at 355nm and probe at 532nm taken at picosecond lab, 
showing how the data is noisy 
 
In general pointing stability can be reduced if the location of the setup is closest to the light 
source. That is the first thing that we did. After that we did several measurement to see the effect 
of the air flow. Using a camera, we looked at the standard deviation of the center of the beam on 
the camera, and we understood that if we cover the beam the standard deviation decreases. For this 
reason we bought a lot of pipes and covered the beam path by them. You can see the result in the 
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below figure. This data is a degenerate measurement with both pump and probe at 532nm. 
Although it is a degenerate measurement but you can see the noise is extremely reduced. 









































Here are some points that might be useful for you when you are building or aligning a beam 
deflection setup in Mid-IR. It can also be useful for anyone who is aligning or building a BD setup 
in general for any midium. 
 
Half Wave Plate (HWP) and finding the correct angles for magic, parallel and 
perpendicular polarizations 
Gas data is very sensitive to the polarizations. For example if you are a little bit off of the magic 
angle you will defiantly see a small revival on the magic angle. Liquids however are not as 
sensitive as the gases. First of all we should defiantly use a motorized HWP and use a bigger 
diameter mount. You should first find the steps on the motor that after 360 degree rotation we get 




Figure F-1: Motorized HWP I used in the setup 
 
After finding the steps, use a polarizer in front of the HWP and test the motor couple of times and 
make sure that you see the same pattern each time.  
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Figure F-2: Testing the motor to be sure the steps of the motor is correct and the pattern is 
repeatable. 
 
For deciding the angle for parallel, perpendicular and magic angle, first we will define a reference 
polarizer. This polarizer is used to check the polarization of the pump and probe with respect to 
each other. I suggest that you keep the this polarizer till the end of of your measurement since there 
would be a lot of times that you want to check if everything works well.  If your polarization for 
co-polarized pump and probe is going to be vertical, use the reference polarizer to be horizontal. 
Then minimize the voltage on the detector for both pump and probe. Use the detector instead of 
the power or energy meter to do this since the detector is more sensitive. 
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Figure F-3: Finding the correct angle for the co-polarized case 
 
How to find zero-delay with near IR and Mid-IR pump and probe 
For the 800nm pump I used the CdSe to find the zero delay for both 2.4 𝜇𝑚 and 3.3𝜇𝑚. CdSe has 
a bandgap of 1.85ev, as a result with our pump and probe we will see a free carrier absorption with 
a long lifetime. We can find the exact zero delay by further measurements on Fused Silica and 
Barium Fluoride or Calcium Fluoride.  For the mid-IR pump and probe I used Germanium at the 
beginning and then used Barium Fluoride or Calcium Fluoride for finding the exact position of the 
zero-delay. However using the pressure cell will change the position of zero-delay because of the 
widows used in the gas cell.  
Alignment tips 
For alignment of any beam deflection setup. First of all always have a reference polarizer 
and a reference aperture. Align the height of reference aperture with the height of laser output 
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beam. It is better to use the output from the OPA since the beam is smaller and it is easier to adjust 
the height of reference aperture. If the height of the beam changes in the setup, this can change the 
polarization of the beam. Use the same aperture for aligning both pump and probe line. This is a 
very simple point but eventually it will really make your life easier. Whenever you want to check 
if the beam is misaligned or find the point of misalignment using this aperture can help you to 
check the vertical alignment. Other than that always put check points in your setup for quick 
alignment check. This is very useful because it happens a lot that you or your colleagues 
mistakenly bump into a mirror.  
Another important point in the BD measurements is that in the co-polarized pump and 
probe case, you always want to have both of beams in the vertical polarization and look at the data 
at (top – bottom) output of the quad-cell. If the two beams are horizontal since the two beams have 
a small angle between them you can never get a pure parallel polarization. Below I am showing a 
figure of the correct polarizations to use in the beam deflection. My dear friend and colleague 




Figure F-5: Correct polarization of pump and probe and correct interaction plane. In the 
figure in the top we should look at (right- left) output of the quad-cell detector, with the pump 
and probe both having the horizontal polarization in the co-polarized case. In the bottom figure, 
we should look at (top-bottom) output of the detector and both beams must have vertical 




When you are measuring the nonlinearity of the gas the most important is to maximize the 
interaction length. For that you have to decrease the angle between pump and probe. As a result 
you want to place the detector as far away from the sample position (focus of the probe beam 
where the interaction happens) as possible. Always make sure that the probe divergence at the 
detector position is less than the size of detector. For example here the detector is 3 × 3 𝑚𝑚 , we 
put the detector where we have a 2.5mm of width of probe beam. Since you know the probe size 
at the focus and the focus position, it is trivial to find the location where we have a spot size of 
2.5mm using Gaussian beam propagation relations.  
For alignment of the probe beam, you can always go to shorter wavelengths like 1.8um and 
align it using the fluorescence on a business cart. And then switch to the wavelength you want. If 
you are using a mixer to generate longer wavelengths like what I did for 3.3um, you can do the 
same thing by removing the crystal and use the idler to align the beam. As you know when you 
are using the mixer, you are generating the difference frequency generation of collinear signal and 
idler beam (unlike the NDFG). As a result for having a better generation of difference frequency 
and also for using the idler of prime for alignment, it is better to check if the signal and idler are 
have overlap on the farfield or not. I have explained in the guide for alignment of TOPAS prime 
to how optimize the overlap. 
If you have a good overlap of the signal and idler you can always use the strongest beam 
to align the setup and then switch to the desired wavelength. 
Now an important issue is to increase the signal. For that purpose you can work on both increasing 
the overlap and also work on making the pump and probe more collinear. For increasing the 
overlap, you should use a very good mirror mount, I suggest the one from Newport. I also change 
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the nubs to micrometers we use for the stages in order to be able to maximize the overlap with 
smallest steps possible. 
 
Figure F-6: Changing the mirror nubs for more precise increasing the overlap of pump 
and probe 
The most effective way to increase the signal however is to decrease the angle between pump and 
probe. This is very tricky, since blocking the beam to go to detector would be really hard and it is 
risky because we might damage our expensive detector. This would be even harder when you are 
working with the Mid-IR pump and you cannot see the beam. Of course you always want to place 
the detector as far as possible to be sure that the pump has separated from the probe enough. Use 
the Gaussian beam relations to calculate the beam size at the location of detector and make sure 




 APPENDIX G: 






Alignment of the OPAs 
I frequently had to align the three OPAs in the Coherent laser lab. Here is a quick guide for 
the alignment of these OPAs. 
 
TOPAS HE alignment: 
Here is the layout of TOPAS HE. For HE we have three amplification stages. The beam 
enters HE from the shutter on the top left of the figure below. Most of it is reflected by the beam 
sampler and the smaller portion of the beam is transmitted. The powerful reflected portion of the 
beam (pump 2) will be used as the powerful pump for the third stage of amplification. Remember 
to never use a business card for blocking this beam because the beam is powerful and can make 
fire on the card. Use a small post holder instead to block this beam. The transmitted part of the 
beam is transmitted to the lower section of the HE and as you can see is labeled 1 in the figure. 
After going through a beam sampler a bigger portion of the beam is reflected (pump 1) and a 
smaller portion is transmitted. This smaller portion makes white light after passing through a 
sapphire plate. Later this white light and pump 1 overlap on the nonlinear crystal (NC1) and the 
beam will get amplified. This amplified beam will be get more amplified when it overlaps with 




Figure G-1: Inside the TOPAS HE 
The quick alignment process for HE is as follows: 
1. Inspect for any damaged optics 
2. Block the 2nd and 3rd stages. Check the white-light (WL); visually check overlap of WL with 
the 1st pump in NC1. Use He-A1 and A2 (before NC1) to optimize the input beam alignment. 
During alignment, A2 can be closed to minimum size to check if WL beam is well centered on it 
(WL should be focused on A2). Open A2 after that. 
3. Set 1200-1260nm and check that the orange spot after the 1st stage is going through the target 
(you should have some beam targets inside the device) positioned after NC2. 
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4. Position some beam block before DM3. Open 2nd pump and check if the pump is also centered 
on the target after NC2. Optimize with M8 if needed. After that block the pump and remove the 
target. 
5. If you have a small power meter- position it before HE-L3 (otherwise- measure at the output 
with 3rd pump blocked). Open the 2nd pump and check the powers at 1200, 1300, 1500nm. Set the 
delay 2 offset to peak the output.  
6. Remove the power meter from inside. Open the 3rd pump and check the powers at 1200, 1300, 
1500nm. Set the delay 3 offset to peak the output. 
7. Check collinearity of signal and idler beams after ~3-5m from the output: at 1300nm you should 
see colored spots overlapped,  
If you see 3rd amplification stage signal and idler beams separated in the far field, please perform 
the following steps to fix it:  
-Set HE-TOPAS to 1300 nm.  
-Adjust HE-MD1 to overlap the beams.  
-Adjust delay3 via WinTOPAS4 software for maximum output power and set the offset for delay3  
 
TOPAS Prime 
TOPAS Prime’s configuration is exactly same as HE without the third amplification stage.  
Here is a quick guide for checking the alignment of TOPAS prime. 
1-Reset all the motors via WinTOPAS software. 
2-Set TOPAS output to 1300nm.  
3-Adjust the next to last TOPAS input mirror to center the beam on the input iris.  
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-Adjust the last TOPAS input to max the output power.  
Repeat steps 3-4 till the beam is centered on the input iris and you have the best possible power.  
Optimize the pump laser compressor position and contrast (timing) for max output of TOPAS.  
For checking alignment in the farfield, here are the steps that you should take: 
-Check the overlap in far field again. Do the following steps if the overlap is not good:  
-Adjust mirror DM2 (inside TOPAS) to fix the overlap in the far field.  
-Adjust manual delay stage (see the attachment how to access the manual delay stage) to max the 
output power.  
The figure below shows the difference of a good and bad overlap in the farfield. 
 
 
Figure G-2: Left: bad signal and idler overlap-you can clearly see that the signal and idler 
and the difference frequency generated beam became separated in the farfield. Right: good 
overlap of signal and idler  
NDFG Alignment 




Figure G-3: Layout of the non-collinear difference generator 
The alignment procedure for NDFG is as follows: 
1-Set TOPAS output to 3500 nm.  
2-Adjust external mirror (the one that is outside NDFG) to center the beam on iris A0.  
3-Place that alignment target at the output of NDFG (see the attachment) and adjust the first BR 
inside the NDFG to center the beam on the target.  
-Repeat steps 2-3 till the beam is centered both iris A0 and alignment target at the output.  
-Place the power ~1 meter after NDFG and block sig/idl beams in front of power meter. DFG beam 
will be on the top of signal/idler.  
-Adjust external beam routing mirror fox max DFG power.  














These are some measurement done by Dr. Van Stryland for the theoretical calculation of the 
effective interaction length. The calculations were done considering a Gaussian spatial profile 
excitation beam probed with a beam at an angle 𝜃. 
 
Figure H-1: Gas cell with beam overlap region in the center. 
 
The above figure shows the long pressure cell with an excitation beam (blue) overlapping a probe 
beam (red) crossing at an angle . The probe is assumed smaller at focus leading to larger 
diffraction as depicted.   
Taking into account the Gaussian beam shapes, we can calculate the beam overlap of excitation 
and probe beams in air (or in the pressurized cell – they are the same). 
Originally the probe beam has k along Z. An induced gradient adds a component of k in the x or y 
direction.  
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Aim the probe along the position of maximum gradient of the excitation irradiance in y, calling 
this position y0: ( ) ( )00,p effn t L y  
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distribution of the probe.  
Taking the shape of the beams to be Gaussian in space and time 
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Now, after rotating the frame, we need to translate one of the beams in y so they cross at the 
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Normally, for a thin sample, 
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Now L is infinite but the beam overlap is finite. 
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Then we need to go back to the probe beam, calculate the phase shift for each x,y  . . . ; however, 
this assumes no propagation (diffraction) of the probe. We make this assumption here, which for 
the beam sized used and the length of interaction we calculate here, is a very good approximation. 
Then, at a distance Z after the interaction, we propagate to the quad detector to see deflection. 
So, let’s assume we can do this and just look at the phase shift experienced by the probe at 
(x,y)=(0,0) 
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This integral is simply done numerically. 
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We can plot Leff versus angle: below at a wavelength of 3.5 µm uses a 300 m beam waist for the 
excitation with a smaller probe.  The effective length grows rapidly for small angles. We use <30. 
 
Figure H-2: Left, Leff in cm versus angle for an 800nm beam of waist 240 m. Right, Leff 
versus angle for a 3.5 m beam of waist 300 m. Here, we see 2 curves that are nearly 
overlapped described below. 
 
In the figure above, right side, we see two curves that begin to separate for very small angles. The 
dotted one is as described in the above calculations, while the red curve completely ignores 
diffraction by removing the Lorentzian divergence terms from the integral. We see that the effects 
of diffraction of the excitation beam are quite small even for the mid-IR wavelength of 3.5m.  
While the probe beam is smaller than the excitation and thus diffracts more, the effect of this 
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